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Abstract 
This thesis focuses on microchannel heat exchangers, and the methods used to try and reduce the charge 
contained in them.  First, four condensers were designed and manufactured with the same air side characteristics and 
same tube design (with the exception of some blocked ports in one design) so that any difference in charge, capacity, 
pressure drop etc. can be attributed to flow geometry.  These designs were a two circuit serpentine design, a two 
pass parallel flow design, and two one pass parallel flow designs.  The difference between the two one pass designs 
were the number of microchannel ports in the tubes, one with 19 ports and the other with 10. 
The one pass design with 10 ports contained the least amount of charge, on average about 20 g, while the 
other one pass design contained the most charge, about 28 g.  The reason for this difference was not only because 
the smaller tube volume, but an increase in mass flux also decrease the amount of charge in the exit header by 20-
30%.  The serpentine condenser also had very low charge amounts, but pressure drop was about ten times higher 
than in the parallel flow designs.  This caused a 4% lower COP than what was given with the one pass design. 
Two serpentine evaporators have also been examined.  The evaporators had similar core volumes of about 
870 cm3.  One evaporator had double the fin length by using a “splitter” fin, which reduced the length of the 
evaporator tube and therefore reduced the internal volume.  Both evaporators performed almost exactly the same, 
but the splitter fin evaporator had less of a pressure drop and contained 15% less charge. 
Finally, the models developed for this thesis were used to theoretically compare the performance and 
charge of six different refrigerants, propane (which was the refrigerant used for experiments), R22, R134a, 
isobutane, ammonia, and R410A in a condenser.  A pressure drop based on a 1% decrease of Carnot COP was found 
for each refrigerant.  Ammonia was found to be able to have same capacity as the other refrigerants, but able to 
achieve the capacity with a much smaller cross sectional area and a very small amount of charge. 
 iv
Table of Contents 
Page 
Abstract......................................................................................................................... iii 
List of Figures ............................................................................................................. vii 
List of Tables ................................................................................................................ ix 
List of Symbols ............................................................................................................. x 
Chapter 1. Introduction................................................................................................. 1 
1.1. The Need to Reduce Charge......................................................................................................... 1 
1.2. Heat Exchangers ........................................................................................................................... 1 
1.3. Modeling of the heat exchangers ................................................................................................ 2 
1.4. Organization of this Document .................................................................................................... 3 
References ............................................................................................................................................ 3 
Chapter 2. Experimentation and Modeling  of a 1.2-1.6 kW Microchannel 
Condenser ..................................................................................................................... 4 
2.1. Introduction.................................................................................................................................... 4 
2.2. Heat Exchanger Description......................................................................................................... 4 
2.2.1. Tubes, Fins, and Headers.......................................................................................................................5 
2.2.2. Serpentine Design..................................................................................................................................6 
2.2.3. One Pass Design....................................................................................................................................7 
2.2.4. Two Pass Design ...................................................................................................................................8 
2.3. Experimental Facility and System ............................................................................................... 8 
2.3.1. Compressor............................................................................................................................................9 
2.3.2. Internal Heat Exchanger ........................................................................................................................9 
2.3.3. Expansion Device..................................................................................................................................9 
2.3.4. High Side Receiver..............................................................................................................................10 
2.4. Experimental Procedure ............................................................................................................. 10 
2.4.1. Steady State Tests................................................................................................................................10 
2.4.2. Charge Collection................................................................................................................................10 
2.5. Model Description ....................................................................................................................... 11 
2.5.1. Breaking into Elements .......................................................................................................................11 
2.5.2. List of Inputs .......................................................................................................................................12 
2.5.3. Correlations Used ................................................................................................................................13 
2.5.4. Solving the Model ...............................................................................................................................15 
2.6. Experimental Results .................................................................................................................. 16 
2.7. Model Analysis ............................................................................................................................ 19 
2.7.1. Serpentine and One Pass Designs........................................................................................................19 
2.7.2. Two Pass Design .................................................................................................................................21 
2.7.3. Varying the Number of Ports ..............................................................................................................23 
2.8. Conclusions ................................................................................................................................. 24 
References .......................................................................................................................................... 25 
 v
Chapter 3. Charge Distribution in a Condenser........................................................ 26 
3.1. Introduction.................................................................................................................................. 26 
3.2. Condensers.................................................................................................................................. 26 
3.2.1. Serpentine Design................................................................................................................................26 
3.2.2. One Pass Design..................................................................................................................................26 
3.2.3. Two Pass Design .................................................................................................................................27 
3.3. Verification of a Void Fraction Correlation ............................................................................... 27 
3.4. Application of the Void Fraction Correlation............................................................................ 29 
3.4.1. One Pass Design..................................................................................................................................29 
3.4.2. Two Pass Design .................................................................................................................................32 
3.5. Analysis of Refrigerant Charge Along Condenser Length ..................................................... 37 
3.6. Conclusions and Recommendations ........................................................................................ 39 
References .......................................................................................................................................... 39 
Chapter 4. Experimentally Validated Model  of a 1 kW Microchannel Evaporator. 40 
4.1. Introduction.................................................................................................................................. 40 
4.2. Evaporator Description............................................................................................................... 40 
4.3. Model Description ....................................................................................................................... 41 
4.3.1. Breaking into Elements .......................................................................................................................41 
4.3.2. List of Inputs .......................................................................................................................................41 
4.3.3. Correlations Used ................................................................................................................................42 
4.3.4. Solving the Model ...............................................................................................................................44 
4.4. Experimental Results .................................................................................................................. 45 
4.5. Model Analysis ............................................................................................................................ 48 
4.5.1. Comparison Between Experimental Data and Model Predictions.......................................................48 
4.5.2 System performance .............................................................................................................................48 
4.5.3 Charge ..................................................................................................................................................50 
4.6. Charge Minimization Approaches ............................................................................................. 51 
4.7. Conclusions and Recommendations ........................................................................................ 54 
References .......................................................................................................................................... 54 
Chapter 5. Potential of Various Refrigerants for Charge Minimization in 
Microchannel Heat Exchangers ................................................................................. 55 
5.1. Introduction.................................................................................................................................. 55 
5.2. Refrigerant Comparison using Carnot COP ............................................................................. 55 
5.2.1. Procedure.............................................................................................................................................55 
5.2.2. Results .................................................................................................................................................56 
5.3. Condenser and Evaporator Model Comparison....................................................................... 57 
5.3.1. Procedure.............................................................................................................................................57 
5.3.2. Results .................................................................................................................................................58 
5.4. Conclusions and Recommendations ........................................................................................ 58 
References .......................................................................................................................................... 59 
 vi
Appendix A:  Charge Collection................................................................................. 60 
A.1. Charge Collection Procedure .................................................................................................... 60 
A.2. Uncertainty and Error in Measurements .................................................................................. 60 
A.3. Accuracy and Repeatability....................................................................................................... 62 
Appendix B:   Experimental Data............................................................................... 64 
Appendix C:  EES code for Serpentine Condenser.................................................. 70 
 vii
List of Figures 
Page 
Figure 1.1. Baseline evaporator and condenser from Hoehne and Hrnjak. ...................................................................2 
Figure 2.1. The serpentine, two pass, and one pass condenser designs. ........................................................................4 
Figure 2.2. Heat exchanger tube and fin cross sections (all dimensions in mm) ...........................................................5 
Figure 2.3. Serpentine condenser schematic..................................................................................................................6 
Figure 2.4. One pass condenser schematic. ...................................................................................................................7 
Figure 2.5. Condenser tube cross-section. .....................................................................................................................7 
Figure 2.6. Two pass condenser schematic....................................................................................................................8 
Figure 2.7. Experimental facility. ..................................................................................................................................9 
Figure 2.8. Breaking up the serpentine design into elements. .....................................................................................12 
Figure 2.9. Condenser capacity for each of the data points. ........................................................................................18 
Figure 2.10. Pressure drop for each of the conditions. ................................................................................................19 
Figure 2.11. Charge collected for each data point. ......................................................................................................19 
Figure 2.12. Comparing predicted condenser capacity with experimental data. .........................................................20 
Figure 2.13. Comparing predicted condenser outlet air temperature with experimental data. ....................................21 
Figure 2.14. Comparing predicted condenser outlet refrigerant temperature with experimental data. ........................21 
Figure 2.15. Comparing predicted two pass condenser capacity with experimental data............................................22 
Figure 2.16. Comparing predicted two pass condenser air outlet temperature with experimental data.......................23 
Figure 2.17. Effect of reducing the number of ports in the tube. .................................................................................24 
Figure 3.1. Serpentine, two pass, and one pass condenser designs..............................................................................26 
Figure 3.2. Condenser tube cross section. ...................................................................................................................27 
Figure 3.3. Comparing two different void fraction correlations. .................................................................................28 
Figure 3.4. Serpentine tube charge prediction and comparison to experimental data..................................................28 
Figure 3.5. Charge distribution in the 19 port one pass condenser. .............................................................................29 
Figure 3.6. Charge distribution in the 10 port one pass condenser. .............................................................................30 
Figure 3.7. Relationship between tube charge and cross-sectional area. .....................................................................30 
Figure 3.8. Charge distribution in both one pass condenser for point U......................................................................32 
Figure 3.9. Modeling of bottom portion of intermediate header..................................................................................33 
Figure 3.10. Two pass charge distribution for data point U using three available models. .........................................34 
Figure 3.11. Two pass air outlet temperature distribution for data point U.................................................................35 
Figure 3.12. Two pass air outlet distribution given by homogenous model. ...............................................................36 
Figure 3.13. Two pass air outlet distribution given by stratified model. .....................................................................36 
Figure 3.14. Two pass air outlet distribution given by varying quality model. ...........................................................37 
Figure 3.15. Various quantities per element along the length of the condenser. .........................................................38 
Figure 4.1. Two evaporator designs used in project. ...................................................................................................40 
Figure 4.2. Comparison of evaporator capacity...........................................................................................................46 
Figure 4.3. Comparison of evaporator charge. ............................................................................................................46 
Figure 4.4. Inlet header to both evaporators. ...............................................................................................................46 
Figure 4.5. Comparison of evaporator pressure drop...................................................................................................47 
 viii
Figure 4.6. Comparison of the compressor power and COP for both evaporators. .....................................................47 
Figure 4.7. Comparing predicted evaporator capacity with experimental data............................................................48 
Figure 4.8. Comparing predicted evaporator outlet temperature with experimental data............................................49 
Figure 4.9. Comparing predicted refrigerant pressure drop with experimental data. ..................................................50 
Figure 4.10. Comparison of the charge, capacity, and void fraction along the lengths of the evaporators..................52 
Figure 4.11. Percent comparison between charge in internal volume. ........................................................................53 
Figure 5.1. Cross section of tube for each of the refrigerants. .....................................................................................57 
Figure A.1. Cylinder in Liquid Nitrogen. ....................................................................................................................60 
 ix
List of Tables 
Page 
Table 1.1. Charge distribution of the baseline system by Hoehne and Hrnjak. .............................................................1 
Table 2.1. Internal volume of each of the condensers. ..................................................................................................6 
Table 2.2. Condenser side test matrix..........................................................................................................................10 
Table 2.3. List of Inputs...............................................................................................................................................13 
Table 2.4. Experimental Condenser Data. ...................................................................................................................17 
Table 3.1. Comparing both one pass condensers for data point U...............................................................................31 
Table 3.2. Mass flux and exit header void fraction comparison. .................................................................................32 
Table 4.1. Breakdown of internal volumes for the evaporators. ..................................................................................41 
Table 4.2. List of inputs for the evaporator model. .....................................................................................................42 
Table 4.3. Experimental data for the evaporator..........................................................................................................45 
Table 4.4. Comparison between homogenous and de Souza two-phase pressure drop correlations. ..........................48 
Table 4.5. Charge data along with predicted values. ...................................................................................................50 
Table 4.6. Comparing predicted results for five pass evaporator with regular fin and split fin evaporators. ..............53 
Table 5.1. Theoretical refrigerant comparison for a 1% decrease in Carnot COP at Tc=40°C and Te=0°C. ...............56 
Table 5.2. Starting conditions for the refrigerants. ......................................................................................................58 
Table 5.3. Modeled condenser side results with different refrigerants. .......................................................................58 
Table A.1. Example of charge collection data and remainder calculation...................................................................61 
Table A.2. Charge collection results for charge accuracy test. ....................................................................................62 
Table A.3. Final charge distribution in two charge tests. ............................................................................................63 
Table A.4. System performance comparison of charge accuracy tests. .......................................................................63 
Table B.1. Condenser air side data. .............................................................................................................................64 
Table B.2. Evaporator air side data..............................................................................................................................65 
Table B.3. Condenser refrigerant side data..................................................................................................................66 
Table B.4. Evaporator refrigerant side data. ................................................................................................................66 
Table B.5. High side of the suction line heat exchanger data. .....................................................................................67 
Table B.6. Low side of the suction line heat exchanger data.......................................................................................67 
Table B.7. Compressor data.........................................................................................................................................68 
Table B.8. Component charge data..............................................................................................................................68 
Table B.9. System performance data. ..........................................................................................................................69 
 x
List of Symbols 
Roman and Script Letters 
A Area 
C Specific heat transfer 
COP  Coefficient of performance 
d Depth 
 Diameter 
f Friction factor 
G Mass flux 
h Heat transfer coefficient 
 enthalpy 
j Heat transfer factor 
L Length 
m Mass flow rate 
M Mass 
NTU Number of transfer units 
Nu Nusselt number 
P Perimeter 
 Pressure 
Pr Prandtl number 
Q Capacity 
Re Reynolds number 
RH Relative humidity 
s specific entropy 
St Stanton number 
t Thickness 
T Temperature 
U Velocity 
UA Overall heat exchanger thermal conductance 
v Specific volume 
V Volume 
 Volumetric flow rate 
w width 
W Work 
We Webber number 
x Quality 
Xtt Lockhart-Martinelli turbulent parameter 
Greek Letters 
α Void Fraction 
Δ Denotes change or difference 
ε Surface roughness 
μ Viscosity 
η Efficiency 
ρ Density  
 xi
θ Louver angle 
σ Correction factor in de Souza pressure drop correlation 
Subscripts 
air Quantity applies to air side 
c Quantity refers to condenser 
comp Quantity refers to compressor 
cond Quantity refers to condenser 
cai Condenser air inlet 
cao Condenser air outlet 
cpri Compressor refrigerant inlet 
cpro Compressor refrigerant outlet 
cri Condenser refrigerant inlet 
cro Condenser refrigerant outlet 
cs Cross section 
e Quantity refers to evaporator 
eai Evaporator air inlet 
eao Evaporator air outlet 
eri Evaporator refrigerant inlet 
ero Evaporator refrigerant outlet 
evap Quantity refers to condenser 
fin Quantity refers to fin 
h Quantity formed using hydraulic diameter 
i inlet 
l liquid 
o outlet 
ref refrigerant 
sub Subcooling 
super Superheat 
v vapor 
 
 1
Chapter 1. Introduction 
1.1. The Need to Reduce Charge 
There are some refrigerants that are available for use in different types of refrigeration systems that are 
somewhat more environmentally friendly and perform just as well or even better than some more commonly used 
refrigerants.  The problem with some of these refrigerants is the fact that they are dangerous in large quantities.  
Propane, which is the main refrigerant of study in this thesis, is highly flammable, as is isobutane.  Ammonia is 
another great refrigerant that can be toxic, flammable, and corrosive to some metals. 
In Europe, there is currently a standard that limits the amount of a hydrocarbon that can be used in a system 
to 150 g/kW.  In previous work on this topic, Hoehne and Hrnjak [2004] achieved well below this level in a baseline 
system by switching from a round tube heat exchanger design to a microchannel design.  Table 1.1 shows a 
breakdown of the charge distribution of the baseline system.  The charge amounts achieved were between 114 g and 
129 g for a 1.0-1.4 kW refrigeration system, which is already well under the European limit.  Litch and Hrnjak 
[1999] have experimental data showing a microchannel ammonia chiller system that operates at only 18 g/kW.  
Model results in Chapter 5 will show a comparison between six different refrigerants, and those results will reflect 
the fact that ammonia can operate efficiently at much lower masses. 
Table 1.1. Charge distribution of the baseline system by Hoehne and Hrnjak. 
Data  
point 
Comp 
 [g] 
Cond 
 [g] 
Liquid line 
[g] 
Evap 
[g] 
Suction line 
[g] 
Total system charge 
[g] 
AA-2 53.89 31.94 17.42 19.50 0.63 123.39 
AB-3 38.82 30.96 23.19 20.39 0.74 114.09 
E-2 37.96 40.35 22.82 21.19 0.39 122.71 
I-2 45.69 31.54 31.61 20.11 0.23 129.18 
I-3 38.98 31.62 26.70 22.88 0.13 120.30 
K-5 39.78 28.59 21.57 24.88 0.23 115.05 
U-3 35.31 29.21 23.12 25.46 0.55 113.65 
U-4 38.27 28.79 15.50 31.07 0.19 113.82 
 
1.2. Heat Exchangers 
This thesis focuses on the condenser and the evaporator of a small refrigeration system, and what effect 
these heat exchangers have on the system charge.  In the baseline system, the evaporator and condenser charge 
combined made up approximately 40-50% of the total system charge.  Therefore, reducing the charge of both of 
these components can greatly influence the minimization of the total charge of the system. 
The benefit of microchannel heat exchangers is the largely reduced hydraulic diameter which helps to 
reduce the component charge.  Although, with the reduced hydraulic diameter, there will be an increase in pressure 
drop, which will harm the system COP. 
There are four condensers and two evaporators that are studied and all are microchannel heat exchangers.  
Hoehne and Hrnjak collected data on a base line system with the condenser and evaporator shown in Figure 1.1.  
The condenser shown has a longer length than the ones described in this thesis.  The evaporator is much larger than 
the two evaporators tested in this project because it was originally meant for a mobile air conditioning system which 
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had a capacity ranging near 4-6 kW.  The condenser averaged a charge of 30 g while the evaporator averaged a 
charge of 23 g. 
 
Figure 1.1. Baseline evaporator and condenser from Hoehne and Hrnjak. 
The problem that arises when dealing with multi-circuited microchannel heat exchangers is the fact that the 
large headers needed can store more than half of the total charge of the component.  Also, using experimental data 
alone, there is an inability to determine the charge in a two phase header.  It is desirable to know the refrigerant 
distribution within the heat exchanger to understand how to minimize the charge inside of the component.  Chapter 3 
has an in-depth analysis of how the charge in the headers is determined by using experimental results along with a 
void fraction analysis to determine the amount of charge in the tubes alone.  Then, the charge in just the header can 
be calculated. 
1.3. Modeling of the heat exchangers 
New simpler models have been developed to predict the performance and charge of the condensers and 
evaporators.  Each heat exchanger has its own model to account for characteristics that might be specific to its 
design.  For example, the serpentine condenser model has a procedure to account for the bend at the end of each 
pass.  The two pass model has calculations to determine the charge in the intermediate header as well as the 
refrigerant distribution in the second pass.  More detail is presented throughout this thesis. 
The model was produced in Engineering Equation Solver (EES) which will simultaneously solve a large 
system of equations.  While that is the main purpose of EES, and the way the model was set up by Hoehne in his 
work, the heat exchangers in this thesis were not solved as a simultaneous set of equations.  Instead, the program 
broke up each heat exchanger into a specified number of elements and solved the elements successively in a set of 
procedures.  In doing this, it is easy to see the many different temperature profiles of the refrigerant and air in the 
heat exchanger and how different quantities change with length.  In Chapter 3, knowing the modeled outlet air 
temperature profile will help in trying to determine which refrigerant distribution works best in the two pass 
condenser. 
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Solving successively also greatly reduces problems in convergence.  This makes it extremely easy to 
change test conditions, physical parameters, or the refrigerant without dealing with setting limits and guess values in 
the program. 
1.4. Organization of this Document 
Chapter 2 describes the experimental results of the condenser testing along with a verification of model 
results with performance predictions.  Chapter 3 deals specifically with the charge in the condensers and issues with 
the distribution inside each of the condensers.  Chapter 4 discusses the experimental results of the evaporator and the 
verification of the evaporator model.  The chapter also discusses issues concerning charge minimization in the 
evaporator.  Chapter 5 presents a simple theoretical analysis of a refrigerant comparison in a microchannel 
condenser using a Carnot analysis and the models developed for this project.  Finally, the appendices describe the 
details of the charge collection procedure and the error associated with it, a listing of all experimental data, and 
presents the serpentine condenser EES model. 
References 
1. Hoehne, M. R., Hrnjak, P. S., “Charge Minimization in Systems and Components using Hydrocarbons as a 
Refrigerant”, University of Illinois at Urbana-Champaign, ACRC TR-224, Urbana, 2004. 
2. Litch A. D., Hrnjak, P. S., “Condensation of Ammonia in Microchannel Heat Exchangers”, University of 
Illinois at Urbana-Champaign, ACRC CR-22, Urbana, 1999. 
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Chapter 2. Experimentation and Modeling  
of a 1.2-1.6 kW Microchannel Condenser 
2.1. Introduction 
This chapter focuses on the modeling of four different designs of condensers that are used in a low charge 
refrigeration system.  To use the least amount of charge possible, an ideal design takes advantage of the low internal 
volume that microchannel heat exchangers provide.  Therefore, the first design to consider is a serpentine design 
which will have the smallest internal volume for any given size of a heat exchanger.  One of the potential setbacks 
with a serpentine design is the rather large pressure drop that is caused by long lengths of microchannel tubing, 
which in turn, causes a decrease in COP.  Although, the pressure drop will decrease as the length of tubing of the 
heat exchanger decreases.  One way to decrease the length of tubing used in a heat exchanger is to increase the 
number of circuits while decreasing the number of passes for each circuit.  A two circuit serpentine design was the 
first design considered in this study.  The number of circuits can be increased until each circuit only has one pass, 
and the length of the circuit is the same as the dimension of the heat exchanger that the tube is traveling along.  
Therefore, the designs that are being considered for a small charge system are the two circuit serpentine design 
mentioned above, a two pass design, and two one pass designs.  Unfortunately, with these other two and one pass 
designs, there are large headers involved due to the large number of circuits.  This greatly increases the internal 
volume of the heat exchanger. 
Accurate modeling of the heat exchangers will help to understand how performance and charge amount are 
affected with the different heat exchanger geometries.  This chapter will focus more on performance while Chapter 3 
will focus on refrigerant charge.  The model is verified by comparing its predictions to experimental data.  Once 
verified, changes can be made to the model to predict performance when the condenser design is slightly altered or 
under a different set of conditions. 
2.2. Heat Exchanger Description 
All four heat exchangers differ only by the path of the refrigerant flow.  All other physical characteristics 
are the same.  Each of the four condenser designs are modeled: a serpentine design, two one pass designs, and a two 
pass design, all seen in Figure 2.1. 
 
Figure 2.1. The serpentine, two pass, and one pass condenser designs. 
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2.2.1. Tubes, Fins, and Headers 
The tube used in every condenser, except for a minor change in one design, where some of the channels are 
blocked, is shown in Figure 2.2.  The tube has a hydraulic diameter of 0.77 mm with 19 triangular ports, and is made 
from extruded aluminum.  Other dimensions can be seen in the figure. 
 
 
Figure 2.2. Heat exchanger tube and fin cross sections (all dimensions in mm) 
The fins are also constructed out of aluminum.  A drawing of the fins is also shown in Figure 2.2.  The 
physical fin height is 7.9 mm.  All of the condensers have a fin spacing of 16 fins per inch.  The figure also shows 
the dimensions of the louvers that are used on the fins.  The louver pitch is 1.4 mm and the louver angle is 27°.  The 
depth of the fins are just longer than the overall width of the tube. 
One big difference in the designs, other than refrigerant flow, is the size of the headers on each condenser.  
There are only two circuits in the serpentine design and therefore the header needs only a small volume.  The 
internal volume of both the inlet and outlet headers for the serpentine design is 5.6 cm3.  Having small headers like 
this is beneficial due to the fact that it can be assumed that the inlet header contains only superheated vapor and, 
while in a steady state condition, the exit header contains only subcooled liquid.  This will help in predicting the 
tube refrigerant charge, which will be explained in more detail in Chapter 3.  The headers of the one and two pass 
designs are much larger than those in the serpentine design.  In the one pass design, there are 23 circuits and the 
headers which contain the ends of each of these circuits has an internal volume of 57.2 cm3.  The two pass condenser 
has three headers, with the inlet and exit header being a part of the same tube, but being separated by a baffle.  The 
internal volume of the inlet and outlet headers are 36.6 cm3 and 20.6 cm3, respectively.  The baffle accounts for less 
than 0.1 cm3.  Table 2.1 is a summary of the internal volumes of the four condensers. 
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Table 2.1. Internal volume of each of the condensers. 
Volume [cm3] Serpentine Two Pass One Pass – 19 ports One Pass – 10 ports 
Inlet Header 5.6 36.6 57.2 57.2 
Intermediate Header N/A 57.2 N/A N/A 
Microchannel Tubes 83 73.4 73.4 38.6 
Outlet Header 5.6 20.6 57.2 57.2 
Total Internal Volume 94.2 187.8 187.8 153 
2.2.2. Serpentine Design 
Figure 2.3 shows a schematic of the serpentine condenser.  This design has two circuits, each circuit 
originating at the inlet header and completing twelve passes.  The length of each pass (the bends not included) is 
25.5 cm.  After each pass, there is a bend of length 1.9 cm.  Overall dimensions can be seen in the figure.  These 
dimension are very similar to the overall dimensions of the other three designs.  There is a length of tubing that leads 
from the inlet header to the heat transfer portion of the condenser.  This length of tubing, 12.4 cm, is assumed to be 
adiabatic in the model.  During the tests, this portion of tubing was covered with tape to prevent any airflow through 
this open area.  Pressure drop is still accounted for in this length of tubing. 
To keep as much of the operating conditions as equal as possible, two circuits were utilized instead of one.  
Using two circuits alleviates some of the pressure drop that would have been caused by using only one circuit.  This 
allows for similar mass flow rates when comparing the serpentine design and the other three condenser designs. 
 
Figure 2.3. Serpentine condenser schematic. 
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Notice how the last pass of both circuits run side by side.  There are 23 tubes used in both the one and two 
pass designs, and having the tubes run side by side in the serpentine design keeps the air side geometry the same 
between all the condensers. 
2.2.3. One Pass Design 
As mentioned in the introduction, the lengths of the circuits in the serpentine design cause a very high 
pressure drop.  The one pass design is the opposite end of the spectrum when considering heat exchanger designs in 
a given area and will produce a much smaller pressure drop.  The number of circuits is increased until there are 23 
circuits, each with only one pass.  Figure 2.4 is a schematic of the one pass design where the overall dimensions are 
given. 
There are two different one pass condenser designs, with the only difference coming in the tubing.  Figure 
2.5 shows the difference between the tubes of the two one pass condensers.  The number of ports has been reduced 
from 19 to 10 in the manner shown in the figure.  This was accomplished in the manufacturing process.  The 
reduction of the ports results in a smaller tube volume and the effects on performance and charge can be seen as a 
result of this decreased internal volume. 
 
Figure 2.4. One pass condenser schematic. 
 
Figure 2.5. Condenser tube cross-section. 
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2.2.4. Two Pass Design 
The last design that is modeled and tested is a two pass design, with 15 circuits in the first pass and eight 
circuits in the second pass.  The schematic of this condenser can be seen in Figure 2.6.  The overall dimensions of 
this design are identical to those of the one pass designs.  A baffle is used to separate the inlet and exit headers, but 
the intermediate header has the same dimensions and internal volume as the headers of the one pass design. 
 
Figure 2.6. Two pass condenser schematic. 
2.3. Experimental Facility and System 
The facility used in this project is shown in Figure 2.7.  The facility contains two re-circulating wind 
tunnels of which the air temperature, air flow rate, and humidity can be controlled independently of each other.  The 
wind tunnels are situated in such a way so that the length of tubing that connects all the components is at a 
minimum.  Ball valves are located throughout the system to isolate the charge of the different components during a 
steady state test.  A detailed description of the facility can be found in the thesis of Hoehne [2004]. 
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Figure 2.7. Experimental facility. 
2.3.1. Compressor 
The compressor used in the system is a Tecumseh model AE3450U R290 reciprocating compressor.  The 
compressor operates at a constant speed of approximately 3480 rpm, and has a single piston with a displacement of 
9.4 cm3.  There are 450 cm3 of 3GS mineral oil used in this compressor. 
2.3.2. Internal Heat Exchanger 
There is an internal heat exchanger used in this refrigeration system.  It is a Danfoss type HE 0.5 heat 
exchanger.  For this heat exchanger, the high pressure stream flows concentrically around the low pressure stream 
which prevents the low pressure stream from absorbing heat from the atmosphere and causing more superheat than 
necessary. 
2.3.3. Expansion Device 
A needle valve is used as the expansion device in this system.  The valve is also a way to control the system 
manually by changing the setting to control the refrigerant condition at the outlet of the evaporator, per the 
experimental procedure 
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2.3.4. High Side Receiver 
A high side receiver is located at the exit of the condenser.  The receiver assures that there is only liquid 
going into the mass flow meter, which is located just after the receiver. 
2.4. Experimental Procedure 
2.4.1. Steady State Tests 
To obtain data, the system is run at specified air temperatures and air flow rates and is allowed to come to a 
steady state.  At that point, there are two way in which to control the system: either the expansion valve setting can 
be changed, or charge can be added or taken out of the system. The goal is to get to a saturated vapor state at the exit 
of the evaporator, and to have the high side receiver half filled with liquid.  A list of the data points taken is shown 
in Table 2.2. 
Table 2.2. Condenser side test matrix. 
Data point Tcai [C] Vcai [L/s] Tcri [C] Vcai [m/s] 
U 35.5 122.7 - - 
I 27.7 122.7 - - 
A 35 - 80 1.5 
B 35 - 80 2 
C 35 - 80 2.5 
D 25 - 70 1.5 
E 25 - 70 2 
F 25 - 70 2.5 
 
Data points U and I were taken as full system data with an evaporator inlet air temperature of 27 °C and an 
evaporator air flow rate of 67 L/s.  The air side temperature and air flow rates are controlled, along with the 
expansion valve setting and the amount of charge.  Data points A-F were taken only with the only the condenser in 
mind.  Everything that is controlled with data points U and I is also controlled with these points, but in addition, the 
inlet refrigerant temperature to the condenser is also maintained to a specific temperature given by the test matrix.  
This temperature was controlled by cooling the tubing at the condenser exit with fans.  Condenser data points A-F 
come from Hoehne and Hrnjak [2004].  Once conditions are favorable, data is taken once every 10 seconds for 
approximately 10 minutes and recorded in a Microsoft Excel file. 
2.4.2. Charge Collection 
Once data is recorded, the compressor is switched off and the six ball valves located in the system to isolate 
each component are closed.  The charge that each component contains during steady state operation is isolated and 
can be collected through a port located in each section.  The charge is collected into a small collection cylinder 
which is submerged in a small pool of liquid nitrogen.  This brings the pressure inside the cylinder to almost a 
vacuum condition and the charge migrates from the component to the cylinder.  The saturation pressure of propane 
at 85 K is on the order of 10-7 kPa.  Liquid nitrogen is at 77 K.  The cylinder is weighed before and after the 
collection in order to get the final mass of refrigerant removed from the system. 
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There will always be a very small amount of refrigerant remaining inside the system.  Generally, the 
amount left over in any component, except for the compressor, usually had less than one gram remaining after 
collection.  In order to account for this amount, data is taken after all the charge has been removed from the system, 
and the temperature and pressure readings have steadied.  Then, the pressure and temperature readings are used to 
find the specific volume of the refrigerant remaining.  That, along with the known volume of the isolated sections, 
will produce the mass of refrigerant that is left in each component.  For the condenser sections, errors in mass 
determination come from the ±0.02 g accuracy of the scale used, and also very small amounts of air and refrigerant 
in the hose before and after the collection.  Overall, error for the charge collection does not exceed ±0.1 g.  A 
detailed analysis of this procedure and the error involved is given in Appendix A. 
2.5. Model Description 
2.5.1. Breaking into Elements 
Each condenser is broken up into many elements, and these elements are solved successively.  For each of 
the designs, each pass can be broken up in n elements.  Each pass of the serpentine design is divided into 10 
elements; while each pass of the one and two pass condensers are divided into 50 elements.  The reason for this 
discrepancy is due to the fact that the serpentine design has 12 passes per circuit instead of the one or two passes of 
the other designs.  So in effect, the serpentine design as 120 elements in all, while the one pass design has 50 
elements, and the two pass design has 100 elements. 
Figure 2.8 is a diagram of how the elements are divided for the serpentine design.  The column of numbers 
refers to the pass number of the circuit, while the numbers in the row refer to the element number of that pass.  The 
number (c,n) refers to the circuit number followed by the element number.  Although, for even circuit numbers, the 
row of numbers shown in the drawing should be reversed because the refrigerant is moving from right to left as 
opposed from left to right as in the odd number passes.  Therefore, the number (3,6) refers to the element in the third 
pass, six elements from the left, while (4,1) refers to the rightmost element in the fourth pass. 
Both circuits of the serpentine design are solved at the same time.  This is done by considering the cross 
sectional area of both circuits combined.  Therefore, the entire refrigerant flow area is being considered.  Another 
way to solve the model would be to divide the refrigerant and air mass flow rates in half, and solve for only half the 
heat exchanger.  Then, the quantities obtained can be doubled to have the true prediction value. 
The one pass design follows this same concept, but instead of two circuits, there are now 23 circuits.  The 
cross sectional area of all 23 circuits combined is what is used as the refrigerant cross sectional area of the heat 
exchanger.  Although, because there is only one pass, there can be more divisions of the circuits to come to a more 
accurate prediction.  In the one pass case, the pass is divided into 50 elements. 
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Figure 2.8. Breaking up the serpentine design into elements. 
The two pass design again follows the same concept where each pass is divided into 50 elements, but since 
there are two passes, there is a two dimensional number which is (1,n) for the first pass, and (2,n) for the second 
pass where n goes from 1 to 50. 
2.5.2. List of Inputs 
All of the physical parameters for the heat exchanger must be inputted into the program, as well as starting 
conditions on the refrigerant side and air side.  Table 2.3 shows a list of inputs for the one pass model. 
The refrigerant properties that are used as inputs are the inlet temperature, pressure, and mass flow rate.  
Keeping in mind that the refrigerant pressure is recorded at a small distance away from the inlet of the condenser, 
the single phase pressure drop is calculated from the pressure transducer tap to the inlet header to predict the actual 
inlet pressure to the condenser.  On the air side, the relative humidity, volumetric flow rate and air temperature are 
used as inputs. 
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Table 2.3. List of Inputs 
Input Description
P_atm atmospheric pressre
m_dot_r refrigerant mass flow rate
V_dot_cond_air volumetric flow rate of air
Tcai Air inlet temperature
RH_ci relative humidity
Tcri Refrigerant inlet temperature
Pcri Refrigerant inlet pressure
t_fin_c fin tickness
d_fin_c fin depth
L_fin_c1 fin height (physical height)
L_fin_c2 fin height (for calculation of heat transfer coefficient)
N_fpi_c Number of fins per inch
Pitch_louver_c Louver pitch
L_louver_c Louver length
ThetaLo Louver angle
N_MCT_c Number of microchannel tubes
N_pass_c Number of passes
t_MCT_c Microchannel tube thickness
d_tube_c tube depth
N_ports_c Number of ports
w_cond widht of the condenser
h_cond height of the condenser
d_cond depth of the condenser
A_port_c Area of one port
P_port_c Perimeter of one port
elements_c number of elements per pass  
 
2.5.3. Correlations Used 
2.5.3.1. Air-Side Heat Transfer 
To determine the heat transfer coefficient on the air side of the condenser, the Chang and Wang [1996] 
correlation is used. 
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Here, θ is the louver angle, P is pitch, L is length, D is depth, and t is thickness for each of the subscripted items.  
The j factor is used in the calculation of the Stanton number which in turn is used to find the heat transfer coefficient 
of the air on the heat exchanger. 
2.5.3.2. Refrigerant-Side Heat Transfer 
First, a friction factor is needed to calculate various quantities.  A friction factor correlation by Churchill 
[1977] is used in the model. 
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In this equation, Re is the Reynolds number, and the quantity (ε/D) is the relative roughness.  The correlation 
developed by Gnielinski [1976] is used to find the Nusselt number which in turn is used to solve for the heat transfer 
coefficient. 
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With the Gnielinski correlation, the Nusselt number is only a function of the Reynolds number Prandtl number, and 
the friction factor.  In the original procedure, if the equation gave a value less than 3.66, then the Nusselt number 
would be set at 3.66, which would mean that the Reynolds number was predicting a laminar flow.  A problem arose 
with using a Nusselt number this low because it would not predict a high enough refrigerant side heat transfer 
coefficient.  Therefore, the above correlation was multiplied by a factor of 10 to achieve heat transfer coefficients 
that are normal for propane. 
For two phase heat transfer, the Dobson-Chato [1998] correlation was implemented to determine the two 
phase heat transfer coefficient.  There are many equations involved with many conditions, therefore refer to the 
paper for a detailed description of this correlation. 
2.5.3.3 Pressure Drop 
For a single phase fluid, the regular homogenous equation for single phase pressure drop is used. 
2
2vG
d
LfP =Δ  (2-4) 
In this equation,  f  is the friction factor, L is the length of the element, d is the hydraulic diameter, G is the mass flux 
of the refrigerant, and v is the specific volume. 
For two phase pressure drop, the deSouza [1995] correlation is used.  This correlation is the same as above, 
except there is a correction factor, σ, involved. 
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In this equation, Xtt is the Lockhart-Martinelli turbulent parameter, and Γ is given by a combination of fluid and 
vapor volume and viscosity ratios. 
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There is also an acceleration component of the pressure drop which is added to the above friction component.  This 
is given by 
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where x is quality, v is specific volume, and α is void fraction.  The i and o subscripts refer to inlet and outlet 
respectively. 
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2.5.3.4. Two Phase Mass 
Finding the mass in a two phase region is done by using the void fraction of the element.  The homogenous 
void fraction correlation is 
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11
1
, (2-8) 
where x is the quality and ρ is the density.  A correlation that might be more accurate and takes into account other 
factors besides just quality and density is the Niño [2002] void fraction correlation for annular flow. 
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In this equation, Xtt is the Lockhart-Martinelli turbulent parameter, and We is the Weber number.  The void fraction 
is then used in the following equation to determine the mass of the element. 
( )( )liquidvaporelementVMass ρααρ 1* −+=  (2-10) 
2.5.4. Solving the Model 
The actual element solving procedure is called CONDENSER.  Here, the first thing that is determined is 
the phase of the refrigerant at the inlet of the element that is being solved.  This is done by calculating the quality by 
using the inlet enthalpy, taken from the given inlet condition or the solution of the previous element.   
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Once the phase is determined, the program passes the information into the appropriate procedure: SUPERHEATED, 
TWOPHASE, or SUBCOOLED.  The single phase procedures are exactly the same, except each sets the quality as 
either 100 or -100 to signify a superheated or subcooled state, respectively, in the output of the program.  Therefore, 
when trying to calculate a transcritical fluid, such as carbon dioxide, either of the procedures can be utilized.  In 
these procedures, the heat transfer and pressure drop are calculated along with the refrigerant outlet temperature, 
pressure, and enthalpy.  On the air side, the air outlet temperature is calculated.  Most of this is done by using the 
epsilon-NTU method.  The epsilon equation used is 
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where C is the specific heat rate, pcm , for each the air and the refrigerant.  The number of transfer units (NTU) is 
given by the equation 
minC
UANTU = . (2-13) 
UA is the overall heat transfer coefficient given by the equation 
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where ηs is the surface efficiency, A is the air or refrigerant side area, and h is the air or refrigerant side heat transfer 
coefficient.  Once these values for the element are determined, the pressure drop and mass of the element is then 
found. 
All of these values are passed back to the main program for each element and are collected in an array 
table.  Then, the mass values and heat transfer values are summed up to find the total mass and capacity.  The exit 
air temperatures for the elements are averaged to find the air outlet temperature.  Also in the main program of the 
serpentine model, there is another procedure that is utilized called BEND which calculates the pressure drop in each 
bend, but considers the bend to be adiabatic. 
The two pass condenser model is more complicated.  The nature of this design gives an intermediate header 
where the charge distribution is not known.  The first pass of the condenser is modeled just like the others, but the 
second pass is modeled differently.  There are actually three different ways in which the second pass is modeled.  
First, the most basic way to model the second pass is to assume a homogenous flow through each of the eight 
circuits of the second pass.  The quality at the exit of the first pass is assumed to be the quality at the inlet of the 
second pass.  The second way in which the second pass is modeled is to assume a stratification of the refrigerant.  
Then, some of the tubes would have a saturated liquid inlet and the others would have a saturated vapor inlet.  The 
number of tubes for each case is determined by the void fraction at the exit of the tubes of the first pass.  That void 
fraction would be assumed to be the void fraction of the intermediate header, and from that, a liquid line could be 
determined and then the number of tubes with a saturated liquid entrance is known.  The final way the second pass is 
modeled is to assume a linear distribution of qualities for the inlet to the eight circuits of the second pass.  The top-
most circuit has a quality of 1, while the bottom-most circuit has a quality of 0.  The inlet quality to the rest of the 
tubes decreases linearly from top to bottom. 
2.6. Experimental Results 
Table 2.4 shows the experimental results of the conditions tested.  A more complete set of data can be 
found in Appendix B.  For the first two test points shown, only the air side conditions were set.  For the other six 
conditions, the inlet refrigerant temperature and the mass flow rate were also set.  The first two tests help look at full 
system performance, while the others were for looking strictly at the condenser performance for the exact same 
conditions on both the air and refrigerant side while disregarding anything happening on the evaporator side.  The 
gray area indicates quantities that were set of the given data point.   
The only major difference in the results for these data points is in the pressure drop and the overall charge 
of the condenser.  Obviously, the pressure drop for the serpentine design was much higher than the pressure drop for 
the other designs.  One of the quantities that might be expected to be different for each design is the capacity.  
Although, for each of the data points, the capacity was nearly the same.  This is because the heat transfer resistance 
is dominated on the air side.  Therefore, no matter what is happening on the refrigerant side, the capacity is going to 
be the same if the air side conditions are the same for each condenser.  Figure 2.9 compares the capacities, measured 
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on the refrigerant side, for each heat exchanger.  The greatest percent difference between capacities in the same data 
point comes in condition U, where the difference is about 3%.  The difference is so small due to the fact that the heat 
transfer resistance is dominated on the air side, and all four designs have almost identical air side geometries.  This 
will be very helpful when later comparing charge for each of the condensers.  Any difference in charge will not be 
attributed to differences in heat transfer. 
Table 2.4. Experimental Condenser Data. 
data point condenser Vdot Tcai Mr Tcri Rhci Tcro Tcao Pcri Pcro DPcr Q Tsub charge
[m3/s] [C] [g/s] [C] [C] [C] [kPa] [kPa] [kPa] [kW] [C] [g]
serp 0.124 35.60 4.07 90.62 0.23 49.28 43.73 1774 1732 41.77 1.54 1.21 22.51
1 pass - 19 0.122 35.57 4.18 89.82 0.17 49.04 47.46 1738 1735 2.85 1.58 1.54 30.43
1 pass - 10 0.124 35.62 4.14 89.09 0.15 49.17 47.17 1731 1727 4.14 1.57 1.19 22.67
2 pass 0.124 35.57 4.20 88.81 0.13 48.31 48.19 1738 1734 3.91 1.59 2.24 29.03
serp 0.125 27.77 4.18 79.15 0.34 42.04 36.94 1507 1458 49.40 1.60 0.70 22.66
1 pass - 19 0.123 27.72 4.19 79.25 0.14 41.77 40.12 1471 1468 3.09 1.61 1.26 28.72
1 pass - 10 0.123 28.30 4.25 79.05 0.20 42.72 40.40 1499 1495 4.05 1.62 1.14 22.99
2 pass 0.124 27.86 4.01 84.00 0.32 41.42 40.50 1474 1470 3.60 1.59 1.69 -
serp 0.088 35.75 3.33 80.19 0.23 48.67 45.32 1748.7 1722.4 26.28 1.19 1.57 24.21
1 pass - 19 0.089 35.74 3.32 79.10 0.21 48.94 48.87 1729.8 1728.4 1.41 1.18 1.46 30.62
1 pass - 10 0.088 35.82 3.30 80.27 0.23 48.98 48.04 1721 1717.4 3.65 1.18 1.13 23.16
2 pass 0.087 35.69 3.36 80.26 0.20 48.21 49.02 1735.6 1734.2 1.35 1.21 2.35 28.11
serp 0.117 35.72 3.64 81.61 0.23 47.21 43.38 1696.7 1660.8 35.85 1.34 1.36 23.53
1 pass - 19 0.122 35.66 3.65 81.80 0.23 46.41 46.90 1685.6 1684.2 1.40 1.35 2.80 31.14
1 pass - 10 0.117 35.70 3.64 81.92 0.19 47.66 46.03 1668.7 1666 2.63 1.34 1.06 23.07
2 pass 0.118 35.67 3.64 81.77 0.23 46.17 46.58 1667.1 1665.7 1.41 1.35 2.54 28.61
serp 0.147 35.63 3.58 81.23 0.23 45.30 41.00 1630 1593.4 36.64 1.34 1.39 23.83
1 pass - 19 0.147 35.53 3.59 81.00 0.23 45.64 44.53 1604.3 1603.3 0.96 1.34 1.34 30.96
1 pass - 10 0.146 35.65 3.57 81.36 0.23 45.74 43.81 1598.3 1597.5 0.75 1.33 1.07 22.83
2 pass 0.147 35.67 3.58 80.73 0.23 44.48 44.41 1601.4 1600.3 1.04 1.35 2.41 27.63
serp 0.088 25.60 3.60 70.34 0.37 40.32 37.40 1475.5 1435.7 39.86 1.33 1.74 22.90
1 pass - 19 0.090 25.55 3.61 69.11 0.37 40.90 40.30 1443.4 1441.6 1.82 1.32 1.34 31.11
1 pass - 10 0.088 25.72 3.59 70.42 0.40 41.12 39.61 1442.9 1440.9 1.98 1.32 1.10 23.00
2 pass 0.088 25.57 3.62 69.64 0.37 39.94 40.70 1455.5 1452.7 2.77 1.34 2.64 29.03
serp 0.122 25.54 3.61 71.02 0.40 37.09 33.51 1375.7 1332 43.74 1.38 1.71 22.03
1 pass - 19 0.122 25.50 3.59 70.96 0.41 35.94 37.22 1373.9 1371.9 2.03 1.39 4.14 29.45
1 pass - 10 0.118 25.63 3.61 71.53 0.39 38.36 36.35 1351.9 1349.1 2.83 1.38 0.99 22.74
2 pass 0.119 25.49 3.61 70.83 0.39 36.58 37.00 1353.4 1350.8 2.60 1.39 2.83 28.39
serp 0.148 25.52 3.48 70.97 0.42 35.30 31.38 1323.3 1283.2 40.05 1.36 1.91 23.83
1 pass - 19 0.148 25.48 3.49 70.65 0.37 35.99 34.62 1289.4 1287 2.44 1.35 1.34 29.85
1 pass - 10 0.146 25.59 3.48 70.82 0.40 36.10 33.93 1281.9 1279.4 2.48 1.35 0.98 22.58
2 pass 0.148 25.55 3.47 70.41 0.38 34.64 34.55 1287.6 1284.3 3.32 1.36 2.60 28.51
C
D
E
F
U
I
A
B
 
 
The heat transfer for points A-F are a little lower than the first two data points because the mass flow rates 
were about 15% less than those in points U and I.  In points A-F, a different evaporator was used in place of the 
smaller evaporators that are currently used in this project.  This evaporator was oversized for this application and 
caused a higher pressure drop, which in turn reduced the mass flow rate.  See Hoehne’s thesis for a description of 
this evaporator. 
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Figure 2.9. Condenser capacity for each of the data points. 
Figure 2.10 shows the experimental pressure drop for each condition.  Obviously, the serpentine design has 
a much higher pressure drop than the other three condensers due to the fact that the circuits are much longer than in 
the one and two pass designs.  The parallel flow designs each have much smaller pressure drops that are always less 
than 5 kPa. 
Finally, Figure 2.11 shows the charge collected from each of the heat exchangers.  Charge was not 
collected from point I for the two pass condenser.  Conditions were not ideal for charge collection.  Data was taken 
at a steady state point, but before charge could be collected, the exit of the evaporator went from slight superheat to 
two phase and changed the charge distribution of the system.  This problem will be explained in detail in Chapter 4. 
Regardless of the condition tested, the charge amounts for each condenser display the same trend.  The 19 
port, one pass and the two pass designs both have the most charge while the serpentine and 10 port one pass designs 
have significantly lower amounts with the lowest amount coming in the 10 port one pass condenser.  A detailed 
analysis of the charge and modeling of the charge distribution is contained within the next chapter. 
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Figure 2.10. Pressure drop for each of the conditions. 
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Figure 2.11. Charge collected for each data point. 
2.7. Model Analysis 
2.7.1. Serpentine and One Pass Designs 
First, a comparison of the model results will be shown for the serpentine and one pass designs.  A separate 
comparison of the two pass model results will be shown afterwards because there are three different two pass 
models to compare to the experimental results. 
Figure 2.12 shows the error between the experimental values and the predicted values of condenser 
capacity.  The capacity prediction is within ±10% of the experimental value.  The 10 port one pass design has the 
best prediction.  The model also has a fairly good prediction of the outlet air temperature of the condensers.  The 
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outlet air temp was found by averaging all the outlet values together, or using a weighted average if the areas of the 
elements were different, as is the case of the two pass condenser.  Figure 2.13 shows this comparison.  Everything is 
predicted well within ±10%.  Figure 2.14 shows a comparison of the predicted refrigerant outlet temperature to 
experimental data.  The one pass designs are within ±10%, but the refrigerant outlet temperature is under predicted 
for the serpentine design by as much as 25%.  This is because the model is predicting enough heat transfer for there 
to be a lot of subcooling.  Notice from Figure 2.12 that the heat transfer prediction for the serpentine design was 
over-predicted while the one pass models mostly under predicted the heat transfer.  If the results from the serpentine 
design reflected more of what the one pass models were predicting with heat transfer, there is a good possibility that 
the subcooling would decrease and predicted refrigerant outlet temperature would look more like the experimental 
value. 
Pressure drop predictions are far from experimental values.  The serpentine model under predicts the 
pressure drop an average by about 30%.  As for the parallel flow models, the experimental pressure drops are very 
low, and the model predicts them to be even lower, with no prediction going higher than 0.5 kPa.  Where some of 
this experimental pressure drop might be coming from, that is not accounted for in the models, is the losses that are 
encountered when the flow goes from a tube into the header and vice versa.  With such low tube pressure drops, the 
losses experienced elsewhere might make up a significant portion of the total pressure drop.  Also unaccounted for 
are the effect of the oil in the system which the presence of it alone could increase the pressure drop. 
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Figure 2.12. Comparing predicted condenser capacity with experimental data. 
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Figure 2.13. Comparing predicted condenser outlet air temperature with experimental data. 
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Figure 2.14. Comparing predicted condenser outlet refrigerant temperature with experimental data. 
2.7.2. Two Pass Design 
Modeling the second pass of the two pass condenser three different ways should produce three different 
results because the phase of the refrigerant is different for the elements in the second pass for the three different 
situations.  Once subcooling has begun, heat transfer drops dramatically.  Figure 2.15 compares the predicted heat 
transfer for each of the three models to experimental data. The figure is zoomed in so that a distinction between the 
points can be seen.  All three models predict the heat transfer within 10%, with the stratified model predicting the 
closest to the real values.  The model which has a varying inlet quality for each circuit does the poorest job of 
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predicting the heat transfer.  The reason for this, which will be explained in more detail in the next chapter, is that 
the changing quality model has a much larger two phase region than the other two models.  With a large two phase 
region, there is a greater opportunity for more heat transfer.  For the stratified model, almost 75% of the second pass 
is predicted to be subcooled, and about 50% of the second pass is predicted to be subcooled for the homogenous 
model.  The heat transfer predicted is directly related to how much subcooling the model predicts. 
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Figure 2.15. Comparing predicted two pass condenser capacity with experimental data. 
The prediction of the air outlet temperature shows the opposite trend than the capacity prediction.  Figure 
2.16 shows that the changing quality model predicts the air outlet temperature the best, while the stratified model 
predicts the poorest.  The same reason can be given to this trend as well.  With more subcooling, and less heat 
transfer, the air temperature is not going increase as much than with a scenario where there is a larger two phase 
region.  Although, keep in mind that these differences are not that great. 
Even though it over predicts the heat transfer, the changing quality model still may be the best model.  It 
gives the most realistic view of how the refrigerant enters the tubes of the second pass, and predicts the least amount 
of subcooling, and overall, is closer to experimental values.  The next chapter will go into more detail about the 
three models and give a better explanation as to which model might be the best. 
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Figure 2.16. Comparing predicted two pass condenser air outlet temperature with experimental data. 
2.7.3. Varying the Number of Ports 
Now that there are four different models tailored specifically to the four different condensers, the effects 
can now be seen when physical dimensions and quantities are changed.  As stated in the introduction to this thesis, 
the best way to reduce the charge is to reduce the internal volume of the component of which charge minimization is 
desired.  Experimentally, the effects of pressure drop and heat transfer given by reducing the number of ports have 
been seen by testing both a 19 port and 10 port one pass condenser.  Now, with the one pass model, the effects of 
reducing the ports further can be predicted. 
Figure 2.17 shows both the effects of capacity and pressure drop for the serpentine and one pass designs for 
data point U when decreasing the number of ports starting at 19.  There is not a great effect of capacity when 
decreasing the number of ports until the number is decreased to about 10 ports.  Remember that the main heat 
transfer resistance is on the air side, and the refrigerant side heat transfer coefficient has to come down quite a bit 
before there are any noticeable effects.  There does seem to be a capacity maximum at 17 ports. 
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Figure 2.17. Effect of reducing the number of ports in the tube. 
As for pressure drop, the pressure drop for the serpentine design grows at a very quick rate when reducing 
the ports.  When calculating for 8 ports, the program no longer produced a solution, so the calculations stopped 
there.  Looking at the plot, there really was no need to calculate any further because the pressure drop at nine ports 
was already greater than 200kPa.  Notice that the pressure drop for the one pass condenser does not grow very 
quickly, or really at any noticeable rate.  Putting cross sectional area in terms of ports, there are two circuits in the 
serpentine design, and therefore two times the number of ports for a given cross sectional area.  When calculating 
for a tube with 19 ports, there are 38 ports in the cross sectional area, and when calculating for 9 ports, there are only 
18 ports in the cross sectional area.  For the one pass design, there are 23 circuits, and when there are 19 ports per 
tube, there is a cross sectional area of 437 ports.  When there are 9 ports, the cross sectional area is then 207 ports, 
still much greater than the 38 port cross sectional area of the serpentine design when all 19 ports in the tube are 
being used.  Even when there are only four ports per tube in the one pass design, there are still 92 ports in the cross 
sectional area.  Twice that of a 19 port tube serpentine design.  The fact to understand is that the cross sectional area 
of the one pass design will always be much larger than in the serpentine design and therefore, pressure drop is not a 
significant factor in this analysis for the one pass design.  
2.8. Conclusions 
Four different condensers have been tested in a system designed for charge minimization and experimental 
results have shown that the heat transfer for each design was the same.  As expected, the serpentine design has a 
considerably higher pressure drop than each of the other designs due to a much smaller cross sectional area and 
longer circuits.  As for charge, for each data point, the four condensers exhibit the same trend where the serpentine 
and one pass 10 port condensers both have comparable charges that are much less than the two pass and one pass 19 
port condensers.  With a smaller pressure drop compared to the serpentine design, the one pass 10 port condenser 
can be considered the optimum condenser to use for a low charge refrigeration system. 
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A model has been developed to predict the performance and charge for each a serpentine design, and a one 
pass design.  The models are able to predict the air outlet temperature and heat transfer of almost every data point 
within ±10%.  Predictions for the one pass model were with ±10% of the experimental data.  Although, the 
serpentine model over predicts the condenser capacity in relation to the one pass designs, and therefore, the 
predicted refrigerant outlet temperature was well under predicted. 
There are three separate models for the two pass design to account for different refrigerant distributions in 
the second pass.  The model which assumes a stratified distribution, where there is either a saturated vapor or 
saturated liquid at the inlet circuits to the second pass, predicts the heat transfer most accurately, within ±5%, but 
also predicts the most subcooling.  The opposite is true for the model in which the inlet quality changes linearly for 
each circuit of the second pass.  Because the heat transfer is not terribly over-predicted for the changing quality 
model, and it predicts less subcooling, this might be considered the more accurate model. 
Finally, the number of ports, or effectively, the cross sectional area was varied in the model for the 
serpentine and one pass models.  The decrease of the cross sectional area does not have a great effect on heat 
transfer in the one pass design until the number of ports is decreased to seven.  Also, the pressure drop increased but 
by such a small amount that there really is not any affect.  As for the serpentine design, once the number of ports is 
decreased to ten, the pressure drop is too high for the program to successfully calculate the solution.  This would 
lead to the conclusion that it would not be beneficial to produce a serpentine condenser of this configuration with 
less than 19 ports.  Although, it would be a good idea to test a one pass condenser with as few as six or seven ports.  
There would not be an adverse effect due to pressure drop, and the capacity would only decrease slightly. 
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Chapter 3. Charge Distribution in a Condenser 
3.1. Introduction 
Current bottle coolers and other small refrigeration systems usually have a capacity around one kilowatt.  A 
current round tube R134a model with this capacity contains approximately 440g of refrigerant.  This charge amount 
is much too high for a flammable refrigerant such as propane, or a toxic refrigerant such as ammonia.  Therefore, it 
is ideal to design a system that contains the least amount of refrigerant as possible, without adversely affecting the 
performance of the system so that these fluids can be utilized. 
Understanding the refrigerant distribution in the heat exchangers provides guidelines to charge 
minimization.  Knowing where most of the charge is located in the condenser shows where more attention should be 
given when trying to reduce the overall charge of the condenser.  Void fraction correlations help to determine the 
charge in the microchannel tubes while the refrigerant is in a two phase flow.  Charge in the two phase header is 
even harder to predict.  Experiments were done to determine overall charge and models are used to predict charge 
distribution. 
3.2. Condensers 
All four condensers used in this study have almost the exact same air side characteristics, including the 
same fin and tube geometry, and same overall width, height, and depth dimensions.  Due to the fact that the heat 
transfer resistance is dominated on the air side, the performance for each condenser is almost identical.  This is 
shown in the previous chapter.  Therefore, differences in charge are due to refrigerant side geometry (i.e. serpentine 
vs. parallel flow).  Figure 3.1 is a picture of all three condenser designs used in this study. 
 
Figure 3.1. Serpentine, two pass, and one pass condenser designs. 
3.2.1. Serpentine Design 
Charge analysis of the two circuit serpentine design will help to validate a void fraction correlation to be 
used for the tubes of the other three condensers.  The inlet and outlet headers of this condenser are identical and 
account for only 22% of the internal volume of 94.2 cm3.  It is assumed that the refrigerant in the inlet header is 
superheated while the exit header is completely full of a subcooled liquid.  Then, the charge in the tubes alone can 
be determined and compared to what the void fraction correlations predict. 
3.2.2. One Pass Design 
The serpentine design is, in essence, a 12 pass condenser.  With the one pass design, the 12 passes have 
been reduced down to one pass by including circular headers that are the full height of the condenser.  While the 
internal volume of the condenser has increased, the internal volume of the tubes alone has been decreased.  The void 
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fraction correlation, verified with the serpentine design, can now be used to determine the amount of charge in just 
the tubes.  The charge in the outlet header can also be determined by using both experimental data and the void 
fraction correlation which determines the total amount of charge in the tubes, and knowing that the inlet header is 
filled with a superheated vapor. 
There are two different one pass designs.  The internal volume of the tubes has been reduced by going to a 
one pass design, but a way to further reduce the internal volume of the condenser is to decrease the cross sectional 
area of the tube by reducing the number of ports.  There are 19 ports in the tubes for each design, but for this second 
one pass design, that number is reduced to ten. Figure 3.2 shows a cross section of the ten port tube.  The black areas 
represent the ports that are blocked.  This was accomplished during the manufacturing process. 
 
Figure 3.2. Condenser tube cross section. 
3.2.3. Two Pass Design 
The final design explored is the two pass parallel flow design.  This design is explored because it is a more 
commonly used design in the market.  The addition of a pass of circuits helps to decrease the overall pressure drop 
and slightly increase the heat transfer coefficient.  Unfortunately, determining the charge distribution of the two pass 
condenser is rather difficult.  Instead of just having the one exit header with an unknown amount of charge, there are 
now two headers where the charge amount is unknown.  Therefore, knowing the void fraction in the tubes to predict 
tube charge is no longer enough to determine overall charge distribution within this condenser design. 
3.3. Verification of a Void Fraction Correlation 
Two different void fraction correlations were compared in this study.  First, the homogenous correlation 
was used.  This correlation assumes a homogenous two phase flow. 
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Here, x is the quality, and ρv and ρl are the vapor and liquid densities, respectively.  The other correlation used was 
one developed by Niño et al. [2002] which also takes into effect parameters such as mass flux, surface tension, 
viscosity, and the diameter of the tube.   
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In this equation, Xtt is the Lockhart-Martinelli turbulent parameter and We is the Weber number, which is a ratio 
between the inertial force to the surface tension.  Figure 3.3 gives a general comparison between the two correlations 
for a mass flux of G=100 kg/m2-s and a condensing temperature of 50°C.  From this graph, it can be seen that for 
lower qualities, Niño’s correlation has a much higher void fraction and will predict a lower charge for an element at 
that given quality than the homogenous correlation will predict. 
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Both correlations were implemented in the model, and the results of the tube charge are shown in Figure 
3.4.  The middle bar in the graph represents the experimental data, and to each side of the bar are the results that the 
homogenous correlation and Niño’s correlation gives.  The graph indicates that while both correlations under-predict 
the charge, the homogenous correlation is a little more accurate.  Therefore, the homogenous correlation will be 
used for charge prediction in the two phase region. 
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Figure 3.3. Comparing two different void fraction correlations. 
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Figure 3.4. Serpentine tube charge prediction and comparison to experimental data. 
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3.4. Application of the Void Fraction Correlation 
3.4.1. One Pass Design 
With the use of the homogenous void fraction correlation to determine the amount of charge in the tubes, it 
is now possible to determine the amount of charge in the exit header of the one pass condenser designs using the 
equation 
Moutlet header = Mexperimental - Minlet header - Mtubes. (3-3) 
The experimental charge is known.  The inlet header charge can be easily determined because the pressure and 
temperature inside the header are known, and the refrigerant is in a superheated state.  Finally, using the 
homogenous void fraction correlation, the charge inside the tubes is known.  Therefore, the charge in the outlet 
header can easily be determined for the one pass design. 
3.4.1.1. Charge Distribution 
Figure 3.5 and Figure 3.6 show the charge distribution within both one pass condensers.  First, Figure 3.5 
shows the distribution within the 19 port condenser.  The inlet header contains the least amount of charge because 
there is only a superheated vapor inside this header.  In each case, the inlet header charge was only about 5-6% of 
the total condenser charge.  For the tube section, there is a little discrepancy between the first two data point, U and I 
and the last six.  Remember that points U and I were data taken while analyzing the whole system, and the other six 
points were taken only to analyze the condenser, and this is a likely cause of the differences.  Data points U and I 
show that about 33% of the total charge is located within the tubes while the other data shows only about 20% of the 
total charge is in the tubes.  Finally, using equation 3-3, the charge in the exit header is calculated and shown.  Most 
of the charge in the condenser is located in the exit header.  For all the data points, the charge in the exit header 
ranges between 60-80% of the total condenser charge.  While there are discrepancies, the trend is the same that the 
exit header contains a majority of the charge regardless of the condition or way of testing. 
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Figure 3.5. Charge distribution in the 19 port one pass condenser. 
 30
U I A B C D E F
0
5
10
15
20
25
inlet header modeled tube outlet header
C
ha
rg
e 
[g
]
 
Figure 3.6. Charge distribution in the 10 port one pass condenser. 
When reducing the internal volume of the tubes by reducing the number of ports, it is expected that the 
charge in the tubes will also decrease.  Figure 3.6 shows that this is indeed the case in the 10 port condenser.  In data 
points U and I, the charge decreased by almost 50%.  What the figure also shows is that not only does the charge in 
the tubes decrease, but the charge in the outlet header also decreases.  It is still shown that the majority of the charge 
is found in the exit header regardless of the number of ports. 
Using the model, the relationship between the number of ports and the charge in the tubes can also be seen.  
Figure 3.7 shows the charge in the tubes for a given number of ports.  The relationships looks to be linear which 
would be expected.  As seen in the previous chapter, the heat transfer does not change greatly with reduced number 
of ports.  Therefore, the only thing changing greatly is the cross-sectional area.  Taking a smaller volume with a 
similar void fraction would lead to a charge that is linearly dependent on the volume of the tube. 
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Figure 3.7. Relationship between tube charge and cross-sectional area. 
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3.4.1.2. Effect of Mass Flux 
When comparing the two one pass designs to one another for a given data point, it can be seen that every 
quantity (temperature, pressure, etc.) is the same for each condenser except for one; the mass flux.  The mass flow 
rates for each condenser are also almost the same for a given data point, but with a cross sectional area that is almost 
half the original, the mass flux is also almost going to double.  It is a reasonable assumption that the mass flux 
within the tubes has an effect on outlet header charge. 
Compare the experimental results of each of the one pass condensers for data point U shown in Table 3.1.  
There are very small differences for each quantity between the two condensers except for pressure drop, the 
subcooling and the mass flux.  The difference within the subcooling is well within the accuracy of the thermocouple 
probes, therefore subcooling will not be considered a factor in the difference in charge.  Obviously, the pressure 
drop increase is a direct effect of the reduction of the cross sectional area and therefore the increase in the mass flux.  
Figure 3.8 shows the distribution in each of the one pass condensers for point U, the same data point with results 
shown in the table.  The effect of having the mass flux increased by 88% is that the header charge decreases by 
18.5%.  Possible reasons for this is that the flow comes from the tube at a higher momentum and a higher energy.  
This could mean additional pressure drop from expansion and therefore a less dense refrigerant or a more turbulent 
flow causing more vapor than liquid to be present. 
Table 3.1. Comparing both one pass condensers for data point U. 
mdot Vdot Tcai Tcao Tcri Tcro Pcri
[g/s] [m3/s] [oC] [oC] [oC] [oC] [kPa]
19 port 4.178 0.122 35.57 47.46 89.82 49.04 1738
10 port 4.136 0.124 35.62 47.17 89.09 49.17 1731
% difference -1.01% 1.06% 0.14% -0.61% -0.81% 0.27% -0.40%
Pcro ΔPr Qc Tsub G charge
[kPa] [kPa] [kW] [oC] [kg/m2-s] [g]
19 port 1735 2.85 1.584 1.543 15.19 30.43
10 port 1727 4.14 1.571 1.185 28.56 22.67
% difference -0.46% 45.38% -0.82% -23.20% 88.08% -25.50%  
 
It can be seen how much liquid is actually in the exit header using this data and the model.  Knowing the 
mass in and volume of the exit header, as well as the temperature or pressure in the header, the void fraction of the 
exit header can easily be determined.  Table 3.2 gives a list of the change in mass flux compared to the change in 
header charge for each of the eight data points.  Generally, for the 19 port condenser, α ranges between 0.15 and 
0.40, and averages around 0.24.  Once the mass flux increases, α increases to an average value of 0.45.  A higher 
void fraction shows less liquid, and therefore less charge, in the exit header.  Unfortunately, there is not enough data 
to try to make a correlation between the mass flux and the void fraction in the header.   
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Figure 3.8. Charge distribution in both one pass condenser for point U. 
Table 3.2. Mass flux and exit header void fraction comparison. 
data mdot G Mheader α
point [g/s] [kg/m2-s] [g] [-]
U 4.178 15.19 17.35 0.31
I 4.185 15.21 15.52 0.40
A 3.32 12.07 20.88 0.21
B 3.648 13.26 21.23 0.17
C 3.588 13.04 22.11 0.15
D 3.614 13.14 20.9 0.17
E 3.591 13.05 18.45 0.26
F 3.493 12.70 22.17 0.20
U 4.136 28.56 14.19 0.49
I 4.254 29.38 14.25 0.47
A 3.301 22.80 14.44 0.44
B 3.637 25.12 14.59 0.43
C 3.569 24.65 14.63 0.44
D 3.59 24.79 14.76 0.45
E 3.613 24.95 14.87 0.46
F 3.475 24.00 15.08 0.44
one pass 
19 port
one pass 
10 port
 
3.4.2. Two Pass Design 
The two pass model is much harder to model for charge.  The exit header is no longer the only unknown 
when determining the charge distribution.  Now, there is an intermediate header located between the first and second 
passes of which the charge is also unknown.  There are three different models for the two pass condenser.  In each of 
the three, the fist pass is modeled the same as the one pass condenser, but the difference come in the way the second 
pass is modeled.  One model predicts a homogenous flow throughout the entire condenser, not accounting for 
maldistribution.  The second model predicts a stratified flow through the second pass, where a portion of the eight 
circuits have a saturated liquid starting point, and the other circuits have a saturated vapor starting point.  The last 
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model assumes a linearly distributed set of starting qualities for each of the eight circuits in the pass.  See Figure 3.9 
to understand each of the three different models. 
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Figure 3.9. Modeling of bottom portion of intermediate header. 
The three different methods give different results for charge distribution.  Again, the prediction in the first 
pass will not change for any of these three methods.  The first change comes with the intermediate header.  For the 
homogenous method, the charge in the intermediate header is predicted by assuming the void fraction in the header 
is the same as the void fraction of the refrigerant coming out of the first pass.  In most cases, the void fraction is 
equal to approximately 0.80.  In the stratified method, the location of a liquid line was also determined by using the 
exit void fraction of the first pass.  The void fraction was used to determine the fraction of the internal volume of the 
header that would be liquid, then assuming that most of that liquid was located in a pool at the bottom of the header.  
In all cases, the liquid line was either four or five circuits high from the bottom of the header. 
Finally, in the third model, an assumption that the void fraction was changing, linearly, throughout the 
entire portion of the header that contained the circuits to the second pass from 1 to 0.  The bottom-most circuit was 
assumed to have an all liquid entrance, and the top-most circuit would have an all vapor entrance.  Then, the quality 
increases by .1429 for the each additional circuit, moving down the header.  Therefore, there was also a liquid line 
assumed in this model, but only coming up to the bottom-most circuit.  Then, the void fraction for the rest of the 
volume of the header was assumed to be the void fraction at the outlet of the first pass. 
All three models give different results for charge distribution throughout the condenser.  Figure 3.10 shows 
the distribution of the condenser with all three methods for a single data point.  For the homogenous and stratified 
models, the region with the most charge in the tubes in the second pass, while for the model with varying quality 
shows more charge in both the intermediate and outlet headers than in the second pass. 
 34
0
1
2
3
4
5
6
7
8
9
10
inlet header 1st pass intermed header 2nd pass outlet header
C
ha
rg
e 
[g
]
homogenous
stratified
changing quality
 
Figure 3.10. Two pass charge distribution for data point U using three available models. 
The reason for the rather large charge in the second pass for the homogenous and stratified models is that 
both models predict large amounts of subcooling in the condenser.  For the homogenous model, subcooling begins 
halfway into the second pass, while in the stratified model, subcooling takes place throughout the whole length of 
the second pass for the circuits that start with a saturated liquid refrigerant.  For data point U, the homogenous 
model predicts 9.7 °C of subcooling while the stratified model predicts 11.6 °C of subcooling.  These amounts are 
well over the experimentally measure subcooling amount of 2.2 °C.  The third model, which has a varying inlet 
quality to the second pass, also over-predicts the subcooling, but not by as much.  In this case, the predicted 
subcooling is 7 °C. 
Therefore, all three of these models do an imperfect job of correctly predicting the distribution of charge in 
the tubes.  One way to determine which model comes closest is to compare the outlet air temperature profiles given 
by both experiment and model.  Knowing the air outlet temperature, a guess can be made as to where subcooling 
begins in the condenser.  Figure 3.11 shows the experimental air outlet temperature profile from a 5x5 thermocouple 
grid.  When looking at the graph, it is obvious that the refrigerant inlet to the first pass is on the upper right hand 
side due to the fact that the outlet air temperatures there are the warmest.  In a two phase region, the air temperatures 
should remain fairly constant, and finally, when the refrigerant has entered a two phase region, the air temperatures 
will not increase much from the inlet condition.  In this case, the air inlet temperature is 35.5 °C.  What this graph 
shows is that there really is not much of a subcooled region at all.  The outlet temperature remains fairly constant at 
about 47 °C.  One noticeable fact is that the bottom left-hand corner contains the coolest air temperature.  This could 
lead to a conclusion that there is mostly liquid going into the bottom-most circuit of the second pass.  Unfortunately, 
the rest of the bottom row of thermocouples does not reflect this conclusion.  This could be because some of the 
thermocouples were not lined up properly and had a higher orientation than others. 
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Figure 3.12, Figure 3.13, and Figure 3.14 show the air outlet temperature distribution for the homogenous, 
stratified, and varying quality models, respectively.  In the homogenous model, the two phase region is very clear 
because it produces the same temperature throughout the region.  The subcooled region of the homogenous model 
starts a little less than halfway through the second pass.  By the end of the second pass, the air is exiting the heat 
exchanger at 38 °C while the inlet temperature is only 35.5 °C.  There is very little heat transfer going on here 
because the model says the refrigerant is completely subcooled.  Obviously, this is not the case. 
The stratified model actually predicts the heat transfer in the condenser the best of all three models, but it 
also predicts the most subcooling, and therefore the most charge in the tubes than any other model.  While a good 
step at getting away from using a homogenous type of flow for the second pass, it is not very accurate when trying 
to predict the refrigerant in the tubes.   
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Figure 3.11. Two pass air outlet temperature distribution for data point U. 
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Figure 3.12. Two pass air outlet distribution given by homogenous model. 
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Figure 3.13. Two pass air outlet distribution given by stratified model. 
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Figure 3.14. Two pass air outlet distribution given by varying quality model. 
Of the three models, the model that does do the best job is the varying quality model.  Only the bottom 
circuit has a starting point that is a saturated liquid, and therefore, only the bottom circuit predicts any significant 
subcooling.  Also, when comparing the temperature distribution of this model with the experimental data, the bottom 
left-hand corner does match up slightly with what the model predicts.  The two phase region is much larger in this 
model than the other three, and matches up better with the experimental data than does the other two models in that 
respect. 
This would lead to the conclusion that the varying quality model is the best to use of the three.  It does not 
produce as much subcooling as the other two models, and also produces a distribution that would appeal more to 
common sense.  Comparing α of the outlet header predicted by the three models, α given by the varying quality 
model is lower than the other two.  In this case, α homogenous=0.087, α stratified=0.158, and α varying quality=0.040.  The 
outlet header of the two pass design is much smaller than any of the other headers of the parallel flow designs.  With 
eight tubes exiting a subcooled liquid, common sense would lead to believe that the header would be almost full of 
liquid.  The varying quality model predicts the header to be almost 95% full of liquid as opposed to the stratified 
flow model which says the header will only be about 85% full of liquid. 
3.5. Analysis of Refrigerant Charge Along Condenser Length 
To understand more clearly what is going on in the condenser and what to consider when trying to 
minimize charge, see Figure 3.15.  This figure shows all three regions, the superheated and two phase region 
separated by the red line, and the two phase and subcooled region separated by the blue line.  From these graphs, the 
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best thing that can be done when designing a condenser for low charge is to size the condenser so that the exit of the 
condenser is either a saturated liquid or of very low quality.  Once the refrigerant becomes subcooled, the heat 
transfer coefficient and the actual heat transfer decrease drastically as shown by the graphs.  Most importantly, the 
mass of subcooled liquid is obviously must greater than if the refrigerant is in a two phase state.  In the example 
shown below, 60% of the mass in the tubes comes from the subcooled section.  Reduction of the length of the 
condenser will drastically reduce the charge while only producing a very small drop in capacity. 
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Figure 3.15. Various quantities per element along the length of the condenser. 
Pressure drop and refrigerant velocity are also displayed in the graphs.  As the quality decreases, the 
pressure drop for the element will also decrease.  There is little benefit to eliminating the subcooled section by 
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decreasing the length of the condenser to try to relieve pressure drop.  Although, if the length is decreased enough to 
produce a two phase outlet, then the refrigerant charge in the outlet header may also be decrease. 
3.6. Conclusions and Recommendations 
Four different condensers were tested against each other and their charge compared for the same test 
conditions.  The order of charge, from highest to lowest was the 19 port one pass design, the two pass design, the 
serpentine design, and then the 10 port one pass design.  While the charge for each of the condensers is different, the 
capacity of each is practically the same because the air side of each condenser is almost identical, and heat transfer 
resistance is dominated on the air side. 
Two void fraction correlations were tested within a serpentine condenser model against experimental data.  
While both correlations under predicted the amount of charge in the tubes of the condenser, the homogenous 
correlation works best.  Then, the homogenous correlation was used in the three other parallel flow condensers to 
predict the charge distribution.  It was found that in some cases, almost 80% of the total condenser charge in the 19 
port one pass condensers was located in the exit header.  But by reducing the number of ports, and therefore 
increasing the mass flux, the charge in the outlet header decreased anywhere between 10%-30%.  With the 
additional reduction of charge in the tubes due to a decrease in internal volume, the total charge was reduced on 
average by about 25%, with virtually no loss in capacity, and only a slight increase in pressure drop. 
It would be ideal to run more tests with different mass fluxes to try and understand if there is a relationship 
between the mass flux and the void fraction of the outlet header.  This might be done with a variable speed 
compressor that can vary mass flow rate, although this may change refrigerant temperature and pressure as well.  It 
might be ideal to test brand new one pass condensers that have varying number of ports inside the tubes.  This will 
definitely change the mass flux while keeping all other quantities the same. 
The two pass condenser was modeled three different ways in order to see which way would predict the 
charge distribution the best.  The model which varied the inlet quality to each of the circuits of the second pass 
seems to work the best because it did not have a large subcooled region that the homogenous and stratified models 
produced. 
Finally, an analysis was done demonstrating how certain quantities change along the length of the 
condenser.  If the length of the condenser is shorted to exclude a subcooled region, the charge will drastically 
decrease while the loss in heat transfer is minimal.  
References 
1. Niño, V. G., Hrnjak, P. S., Newell, T. A., “Characteristics of Two-Phase Flow in Microchannels”, University 
of Illinois at Urbana-Champaign, ACRC TR-202, 2002. 
 40
Chapter 4. Experimentally Validated Model  
of a 1 kW Microchannel Evaporator 
4.1. Introduction 
Two different serpentine evaporators were tested to determine their low charge capabilities on a small 
refrigeration system.  Like the condensers, only microchannel designs were considered to take advantage of the 
small hydraulic diameter and small internal volume that they provide.  Due to the fact that the inlet of an evaporator 
is always two phase, only the serpentine design was considered because a two phase entrance gives way to 
maldistribution that is very difficult to predict.  Therefore, with the very small headers given with the two circuit 
serpentine designs, maldistribution does not pose as much of a problem. 
The two evaporators were tested in the same procedure as described in Chapter 2.  Also refer to Chapter 2 
for a brief description of the experimental facility.  All the data presented in this chapter was data taken with the 10 
port one pass condenser in place, which was concluded to be the best condenser of the four. 
4.2. Evaporator Description 
Both two circuit serpentine designs have similar overall dimensions, as shown in Figure 4.1.  Although, the 
one big difference between the two designs is that one design has twice the fin height.  This is accomplished by 
using what is called a “splitter fin.”  Between the tubes, there are now two rows of fins with the exact same 
geometry that are split by a very thin piece of aluminum, in effect, producing a fin height twice as big.  The splitter 
fins produce an evaporator with only nine passes instead of 15 passes.  This reduces the total internal volume from 
94.78 cm3 to 73.81 cm3, and the total circuit length from 214.99 cm to 144.1 cm.  
The nature of the serpentine design also allows for very small headers.  Table 4.1 displays the summary of 
the internal volume of the different areas of the evaporators.  The inlet and outlet headers only make up about 8.2% 
of the internal volume of the regular fin design, and 10.6% of the internal volume of the splitter fin design.  This fact 
will be important when looking at the charge distribution later in this chapter.  
 
Figure 4.1. Two evaporator designs used in project. 
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Table 4.1. Breakdown of internal volumes for the evaporators. 
Volume % of total Volume % of total
[cm3] [cm3]
Inlet header 3.9 4.11% 3.9 5.28%
Tubes 86.98 91.77% 66.01 89.43%
Outlet header 3.9 4.11% 3.9 5.28%
Total volume = 94.78 cm3 Total volume = 73.81 cm3
regular fin splitter fin
 
4.3. Model Description 
4.3.1. Breaking into Elements 
Each evaporator is broken up into many elements, and these elements are solved successively.  For both of 
the designs, each pass is broken up in 10 elements.  Each element is assigned a two dimensional number, (p,n), 
where p is the pass number, and n is the element number.  For odd numbered passes, the number n increases from 
top to bottom, but for even numbered passes, it increases from bottom to top to follow the refrigerant flow. 
Both circuits of the serpentine design are solved at the same time.  This is done by considering the cross 
sectional area of both circuits combined.  Therefore, the entire refrigerant flow area is being considered.  Another 
way to solve the model would be to divide the refrigerant and air mass flow rates in half, and solve for only half the 
heat exchanger.  Then, the quantities obtained can be doubled to have the true prediction value. 
4.3.2. List of Inputs 
All of the physical parameters for the heat exchanger must be inputted into the program, as well as starting 
conditions on the refrigerant side and air side. Table 4.2 shows a list of inputs for the one pass model. 
The refrigerant properties that are used as inputs are the inlet temperature, pressure, and mass flow rate.  
Keeping in mind that the refrigerant pressure was recorded at a small distance away from the inlet of the condenser, 
the single phase pressure drop is calculated from the pressure transducer to the inlet header to predict the actual inlet 
pressure to the evaporator.  On the air side, the relative humidity, volumetric flow rate and air temperature are used.  
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Table 4.2. List of inputs for the evaporator model. 
Input Description
P_atm atmospheric pressre
m_dot_r refrigerant mass flow rate
V_dot_evap_air volumetric flow rate of air
Teai Air inlet temperature
RH_ei relative humidity
Teri Refrigerant inlet temperature
Peri Refrigerant inlet pressure
t_fin_e fin tickness
d_fin_e fin depth
L_fin_e1 fin height (physical height)
L_fin_e2 fin height (for calculation of heat transfer coefficient)
N_fpi_e Number of fins per inch
Pitch_louver_e Louver pitch
L_louver_e Louver length
ThetaLo Louver angle
N_MCT_e Number of microchannel tubes
N_pass_e Number of passes
t_MCT_e Microchannel tube thickness
d_tube_e tube depth
N_ports_e Number of ports
w_evap widht of the evaporator
h_evap height of the evaporator
d_evap depth of the evaporator
A_port_e Area of one port
Dh_e Hydraulic diameter 
L_bend Length of the 180° bend between passes
L_evap_tube_after_header Length of tube that connects inlet header with heat transfer area
Vol_header_inlet_e Volume of the inlet header (same as outlet)
elements_e number of elements per pass  
4.3.3. Correlations Used 
4.3.3.1. Air-Side Heat Transfer 
The relative humidity during the experiments was very low, and condensate hardly ever formed.  
Therefore, the model always assumes dry conditions.  This is a good assumption to work with because the focus of 
this project is on charge, and not so much on performance, and makes the analysis a little simpler.  To determine the 
heat transfer coefficient on the air side of the evaporator, the Chang and Wang correlation is used. 
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Here, θ is louver angle, P is pitch, L is length, D is depth, and t is thickness for each of the subscripted items.  The j 
factor is used in the calculation of the Stanton number which in turn is used to find the heat transfer coefficient of 
the air on the heat exchanger. 
4.3.3.2. Refrigerant-Side Heat Transfer 
First, a friction factor is needed to calculate various quantities.  A friction factor correlation by Churchill 
[1977] is used in the model. 
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In this equation, Re is the Reynolds number, and the quantity (ε/D) is the relative roughness.  The correlation 
developed by Gnielinski [1976] is used to find the Nusselt number which in turn is used to solve for the heat transfer 
coefficient. 
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With the Gnielinski correlation, the Nusselt number is only a function of the Reynolds number Prandtl number, and 
the friction factor.  In the original procedure, if the equation gave a value less than 3.66, then the Nusselt number 
would be set at 3.66, which would mean that the Reynolds number was predicting a laminar flow. 
For two phase heat transfer, the Radermacher and Hwang [1997] correlation was implemented to determine 
the two phase heat transfer coefficient.  This correlation was intended for use with the evaporation of carbon 
dioxide, but in using with propane, reasonable heat transfer coefficients were calculated.  Keep in mind that the most 
of the heat transfer resistance in on the air side, so the more important correlation is the one used for the air side heat 
transfer coefficient.  There are many equations involved with many conditions, therefore refer to the paper for a 
detailed description of this correlation. 
4.3.3.3. Pressure Drop 
For a single phase fluid, the regular homogenous equation for single phase pressure drop is used. 
2
2vG
d
LfP =Δ  (4-4) 
In this equation,  f  is the friction factor, L is the length of the element, d is the hydraulic diameter, G is the mass flux 
of the refrigerant, and v is the specific volume.  The homogenous correlation is also used with two phase flow, using 
a homogenous density, and it is compared with the de Souza [1995] correlation. This correlation is the same as 
above, except there is a correction factor, σ, involved. 
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In this equation, Xtt is the Lockhart-Martinelli turbulent parameter, and Γ is a dimensionless parameter given by a 
combination of fluid and vapor volume and viscosity ratios. 
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There is also an acceleration component of the pressure drop which is added to the above friction component.  This 
is given by 
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where x is quality, v is specific volume, and α is void fraction.  The i and o subscripts refer to inlet and outlet 
respectively. 
4.3.3.4. Refrigerant Charge in a Two Phase State 
Finding the mass in a two phase region is done by using the void fraction of the element.  The homogenous 
void fraction correlation is 
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Where x is the quality and ρ is the density.  This correlation was shown to be the best predictor of the tube charge 
available in Chapter 3.  The void fraction is then used in the following equation to determine the mass of the 
element. 
( )( )liquidvaporelementVMass ρααρ 1* −+=  (4-9) 
4.3.4. Solving the Model 
The actual element solving procedure is called EVAPORATOR.  Here, the first thing that is determined is 
the phase of the refrigerant at the inlet of the element that is being solved.  This is done by calculating the quality by 
using the inlet enthalpy, taken from the inlet conditions or the solution of the previous element.   
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Once the phase is determined, the program passes the information into the appropriate procedure: SINGLEPHASE 
or TWOPHASE.  In these procedures, the heat transfer and pressure drop are calculated along with the refrigerant 
outlet temperature, pressure, and enthalpy.  On the air side, the air outlet temperature is calculated.  Most of this is 
done by using the epsilon-NTU method.  The epsilon equation used is 
⎟⎠
⎞⎜⎝
⎛ −⎟⎠
⎞⎜⎝
⎛ ⎟⎠
⎞⎜⎝
⎛ ∗−∗∗−= 1expexp1 78.0
max
min22.0
min
max NTUC
CNTUC
Cε  (4-11) 
where C is the specific heat rate, pcm , for each the air and the refrigerant.  The number of thermal units (NTUs) is 
given by the equation 
minC
UANTU = . (4-12) 
UA is the overall heat transfer coefficient given by the equation 
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where ηs is the surface efficiency, A is the air or refrigerant side area, and h is the air or refrigerant side heat transfer 
coefficient.  Once these values for the element are determined, the pressure drop and mass of the element is then 
found. 
All of these values are passed back to the main program for each element and are collected in an array 
table.  Then, the mass values and heat transfer values are summed up to find the total mass and capacity.  The exit 
air temperatures for the elements are averaged to find the air outlet temperature.  There is also a procedure called 
BEND which calculates the pressure drop in each bend using the same correlation that the program uses for the rest 
of the heat exchanger, but considers the bend to be adiabatic. 
4.4. Experimental Results 
Table 4.3 is a summary of the experimental results for the two serpentine evaporators.  For each condition, 
the air inlet temperature and air flow rate were set.  There was no data collected for data point K for the splitter fin 
evaporator.  Also reported in the table are the compressor power and system COP. 
Table 4.3. Experimental data for the evaporator. 
data evap Vdot Teai Rhei Teao x in m dot Teri Tero Tsuper Peri Dper Qevap charge Wcomp COP
point [m3/s] [C] [-] [C] [-] [g/s] [C] [C] [C] [kPa] [kPa] [kW] [g] [W] [-]
regular fin 0.067 26.7 0.22 12.94 0.228 4.14 8.85 7.11 0.03 620.3 34.55 1.17 10.85 487.4 2.395
splitter fin 0.068 27.6 0.24 13.71 0.231 4.16 8.42 9.01 1.55 613 20.85 1.17 10.95 492.6 2.382
regular fin 0.068 26.4 0.26 12.25 0.196 4.23 7.77 7 1.10 602.6 36.61 1.26 8.98 437 2.888
splitter fin 0.068 27.7 0.20 12.92 0.193 4.25 7.15 7.73 1.69 590.3 21.99 1.27 7.48 439.4 2.879
regular fin 0.068 20.4 0.43 10.02 0.255 3.58 5.56 4.52 0.50 563.7 28.18 0.99 10.81 489.5 2.029
splitter fin 0.068 21.4 0.23 9.93 0.258 3.66 5.52 5.39 0.76 562.6 17.41 1.00 9.20 494.1 2.026
regular fin 0.068 14.9 0.41 4.75 0.194 3.33 0.3 -1.29 -0.12 484.2 26.32 1.01 8.96 393.5 2.554
splitter fin
U
I
AB
K
 
 
Both of these evaporators perform very similarly.  Figure 4.2 shows a comparison of the capacities.  It 
would be expected that due to the increased fin height, and therefore decreased fin and surface efficiency, the 
capacity would go down slightly for the split fin evaporator.  In fact, the experimental data shows that the capacities 
were almost identical with an extremely small increase in heat transfer with the split fin design.  Although, this 
increase is only hundredths of a kilowatt and is within the error of the measuring devices.  But nevertheless, the 
performance is still basically the same. 
A comparison of the charge collected in each evaporator is shown in Figure 4.3.  It is expected that the 
charge in the split fin design is going to be less due to the fact that the internal volume is 22% less than the regular 
fin design.  This is demonstrated in the figure with conditions I and AB.  In these cases, the charge is about 15% less 
in the split fin design.  
Condition U demonstrates a problem that occasionally arose when collecting data.  Figure 4.4 shows the 
inlet header of both evaporators.  The inlet microchannel tubes protrude into the header in the middle of the circle.  
This allows for a collection of liquid refrigerant below these tubes.  Eventually, the liquid level might rise to the 
inlet microchannel tubes and thereby causing a saturated liquid inlet to the evaporator.  This in turn does not allow 
the evaporator to fully evaporate the refrigerant, and also increases the charge in the evaporator.  This could have 
happened just before the compressor was turned off, and the charge isolated in the evaporator. 
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Figure 4.2. Comparison of evaporator capacity. 
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Figure 4.3. Comparison of evaporator charge.  
 
Figure 4.4. Inlet header to both evaporators. 
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Figure 4.5 shows a comparison of the pressure drop measured for each data point.  It is easy to understand 
that the split fin evaporator would have a smaller pressure drop due to the fact that the circuits are shorter in length.  
The regular fin evaporator pressure drop ranges from 26 to 36 kPa while the split fin evaporator was consistently 
40% less and ranged from 17 to 21 kPa. 
The difference in the pressure drops did not have much of an effect on the COP of the system.  In fact, the 
data shows that the difference for any data point was not larger that 0.5%.  A curious finding, though, is that the 
COP was just a bit higher for the regular fin evaporator instead of for the split fin evaporator. With a lower pressure 
drop, it might be expected that compressor power would be less for the split fin evaporator.  Figure 4.6 shows a 
comparison of the compressor power and COP for each evaporator. 
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Figure 4.5. Comparison of evaporator pressure drop. 
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Figure 4.6. Comparison of the compressor power and COP for both evaporators. 
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4.5. Model Analysis 
4.5.1. Comparison Between Experimental Data and Model Predictions 
Table 4.4 shows a comparison between the homogenous and de Souza pressure drop correlations with the 
experimental data.  The homogenous correlation largely over-predicts the total pressure drop anywhere between 40-
100% while the de Souza correlation under-predicts the pressure drop, but by a much smaller amount.  Therefore, 
the model will utilize the de Souza correlation. 
Table 4.4. Comparison between homogenous and de Souza two-phase pressure drop correlations. 
data evap ΔPr ΔPr-homogenous difference ΔPr-de Souza difference
point [kPa] [kPa] [%] [kPa] [%]
regular fin 34.55 49.85 44.3% 30.56 -11.5%
splitter fin 20.85 32.15 54.2% 19.55 -6.2%
regular fin 36.61 53.42 45.9% 31.69 -13.4%
splitter fin 21.99 34.74 58.0% 20.46 -7.0%
regular fin 28.18 47.54 68.7% 29.84 5.9%
splitter fin 17.41 31.17 79.0% 19.19 10.2%
regular fin 26.32 54.5 107.1% 32.02 21.7%
splitter fin
U
I
AB
K
 
4.5.2 System performance 
Figure 4.7 shows the error between the experimental and predicted values of the evaporator capacity.  The 
model does a good job predicting the capacity.  All of the predicted values lie within ±5% of the experimental data.  
Although, the experimental data for both evaporators was almost exactly the same, and yet the model will always 
predict a smaller capacity for the split fin design by about 5% lower than the regular fin design.  One of the reasons 
for this is the model calculates the overall heat transfer coefficient by using the surface efficiency, which for the 
regular fin evaporator is 98.3%, and for the splitter fin evaporator is 95.4% which is about a 3% difference. 
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Figure 4.7. Comparing predicted evaporator capacity with experimental data. 
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Figure 4.8 shows a comparison of model and experimental data for the air outlet temperature.  With the 
exception of one point which had a very large error, all the data was predicted within ±10%. 
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Figure 4.8. Comparing predicted evaporator outlet temperature with experimental data. 
As for the outlet refrigerant temperature, the difference between the modeled and experimental values are 
rather large.  The model predicts a lot of superheat for the regular fin evaporator, in the range of 8-10 °C.  Although, 
for the split fin, the model predicts an outlet with a refrigerant quality of 0.98-0.99.  This means that the model is 
predicting the evaporation temperature as the outlet temperature.  The different between the model and the 
experimental values in this case have an error no greater than 19%. 
Figure 4.9 shows the comparison between the model and experimental data for the pressure drop.  The 
evaporator model does a satisfactory job predicting the pressure drop using the de Souza correlation.  The 
homogenous pressure drop model was also considered, and the predictions where a just a little worse that what de 
Souza’s correlation predicted. 
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Figure 4.9. Comparing predicted refrigerant pressure drop with experimental data. 
4.5.3 Charge 
At first glance, it seems as though the model does a poor job of predicting the charge in the evaporator.  
Table 4.5 shows a list of the experimental charge data with the model predictions.  The experimental data ranges 
between 8-11 g while the model predictions range between 2-3.4 g.  Breaking down the charge amounts in the 
different parts of the evaporator will help to understand what is happening.  The first thing to notice is that the 
difference in the experimental charge is about 1.5 g.  With all experimental conditions being equal, the only 
difference in the charge amounts should come in the tubes evaporator.  Notice how the model predicts about a 1.5 g 
difference in the evaporator tubes.  This could lead to the assumption that the modeled tube charge is very close to 
the actual tube charge. 
Table 4.5. Charge data along with predicted values. 
Exp.
Total Total Copper tubes In header % of Tubes % of Out header % of Evap
[g] [g] [g] [g] total [g] total [g] total [g]
regular fin 10.85 3.73 0.36 0.90 26.9% 2.40 71.4% 0.06 1.7% 3.37
splitter fin 10.95 2.98 0.34 0.90 34.1% 1.70 64.3% 0.04 1.7% 2.65
regular fin 8.98 3.86 0.38 0.92 26.4% 2.50 72.0% 0.06 1.6% 3.48
splitter fin 7.48 3.10 0.36 0.92 33.5% 1.78 64.9% 0.04 1.6% 2.74
regular fin 10.81 3.35 0.32 0.89 29.5% 2.09 68.8% 0.05 1.7% 3.03
splitter fin 9.20 2.73 0.29 0.89 36.7% 1.50 61.6% 0.04 1.7% 2.43
regular fin 8.96 3.33 0.31 0.91 30.3% 2.06 68.3% 0.04 1.4% 3.02
splitter fin
Model predictions
 
 
That leads to the question of where this extra charge is located.  Consider the tubes leading to the 
evaporator.  These quarter inch copper tubes are assumed to have a homogenous mixture of the refrigerant flowing 
at the inlet quality calculated during the tests.  In that case, there is just under 1 g of refrigerant in both the inlet and 
outlet tubes combined, but with a majority of it coming in the inlet tubes because the refrigerant there is in a two 
 51
phase state.  What the model does not account for is the possibility of liquid pooling in these extra lengths of tubing.  
In the path from the expansion valve to the inlet of the evaporator, there is a cross tube fitting, to which one side is 
where the temperature and pressure is measured, and the other side leads to the discharge port.  All the tubes run 
horizontal to the ground.  It would have been more beneficial to use a tee instead of a cross, and have the tube 
coming straight up instead of to the sides, putting the discharge port and the temperature and pressure measurements 
all in the same tube, above the flow.  This way, it can be safely assumed that there would only be vapor in these 
tubes and would have also decreased the total amount of tubing.  So if it is assumed that there are at least a couple 
grams of liquid unaccounted for in these tubes, then that makes the prediction of what is inside the evaporator much 
better. 
There is also pooling in the inlet header, but this is accounted for in the model.  The charge in the inlet 
header is calculated as if there is liquid line just below the inlet of the tubes.  (See Figure 4.4).  The rest of the space 
in the header is assumed to be a homogenous mixture at the calculated inlet quality.  The outlet header charge is 
calculated assuming that the refrigerant is superheated, as was the case with all the collected data. 
4.6. Charge Minimization Approaches 
It is beneficial to see what is happening along the length of the evaporators to compare the differences for 
the charge (and other quantities).  Figure 4.6 shows the charge amount for each element along the length of each of 
the evaporators along with the capacity and void fraction.  There is less charge per element for the splitter fin design 
because the charge is decreasing at a fast rate.  The reason for this is because the heat transfer per element is 
consistently higher and therefore, the quality of the refrigerant increases more quickly and superheat occurs at a 
shorter length than in the regular fin design. 
Therefore, according to these graphs, and the experimental data, the splitter fin design is a better design 
because it is able to produce almost the same heat transfer in a much short length to tubing.  Quicker heat transfer 
means the quality of the refrigerant is increasing at a faster rate as well, thereby reducing the overall charge amount, 
not just because the length is shorter, but also because superheat will occur more quickly.  
Also when considering charge minimization, it is good to look at the different parts of the heat exchanger.  
The headers inside of the serpentine evaporators are very small and make up just a small percentage of the total 
internal volume.  Although, according to the model predictions, the inlet header contains between 25-30% of the 
total charge.  Figure 4.11 illustrates this fact.  When considering charge minimization, it would be ideal to do away 
with the headers.  When a small volume contains a large mass, the heat exchanger is not being very efficient on the 
mass side.  It might be ideal to have just a single circuit evaporator, possibly even of a splitter fin design to rid of the 
extra charge located in the inlet header. 
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Figure 4.10. Comparison of the charge, capacity, and void fraction along the lengths of the evaporators. 
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Figure 4.11. Percent comparison between charge in internal volume. 
A quick analysis on the current model, changing from one circuit to two in the same area for the splitter fin 
design shows a decrease in the evaporator charge from 2.65 g to 1.25 g.  This is because the headers have been 
removed along with the length of tube that goes from the inlet header to the actual heat transfer area.  Also seen in 
the model was an improvement in heat transfer from 1.15 kW to 1.21 kW, but a rather large increase in the pressure 
drop from 19.6 kPa to 94.0 kPa.  The increase in pressure drop is expected since the cross sectional area has been 
halved and the length of the circuit almost doubled, although it would probably prevent a design like this from 
becoming reality because of the adverse affect on COP. 
Another way to approach charge minimization is to take the reduction of length one step further and model 
a double splitter fin, where there are now three rows of fins instead of two.  The predictions that are shown in Table 
4.6 are from an evaporator that has three sets of fins between each of the five passes.  The overall length of the heat 
exchanger is just greater than the split fin design, and the height is assumed to be the same.  Condition U is tested. 
Table 4.6. Comparing predicted results for five pass evaporator with regular fin and split fin evaporators. 
Npass ηfin ηsurface hair Q ΔPr Teao Tero Tsuper xout Mevap
[-] [-] [-] [W/m2-K] [kW] [kPa] [oC] [oC] [oC] [-] [g]
15 0.9802 0.9831 145.1 1.222 30.56 11.11 16.77 9.491 N/A 3.365
9 0.9507 0.9545 93.95 1.069 18.55 13.05 7.982 N/A 0.9443 2.726
5 0.9204 0.9244 70.14 0.789 9.124 16.62 8.523 N/A 0.7558 2.25  
 
Another drop in surface efficiency has shown another drop in evaporator capacity.  Although a second 
decrease in efficiency by only 3% has shown a 25% reduction in capacity.  A decrease in predicted capacity did not 
actually occur in experiment with the same efficiency decrease.  Therefore, it would be beneficial to test this type of 
evaporator to see how comparable the experimental capacity is to the other designs. 
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While the model predicts lower capacity, it also predicts lower pressure drop and a lower charge.  If this 
evaporator follows the trends shown in Figure 4.10, then an increase rate of heat transfer will also decrease the 
amount of charge per element and the overall charge. 
4.7. Conclusions and Recommendations 
Two different serpentine evaporator designs were tested in a small refrigeration system.  Experimental 
results show that decreasing the circuit length by increasing the fin height had no negative effect on the evaporator 
capacity or system COP.  Even with no change in performance, the charge in the split fin evaporator was on average 
1.5 g less than in the regular fin evaporator.  This split fin evaporator design would seem to be the better of the two 
designs because along with no decreased performance and lower charge, and it would also be cheaper to produce. 
A model has been developed to predict the performance of these two evaporators.  The model was able to 
predict the capacity within 5% and the air outlet temperature within 10%.  The model does over-predict the 
refrigerant outlet temperature for the regular fin design, but does a good job with the split-fin design. 
The charge prediction of the model was well below what the experimental data.  Although this is most 
likely due to unaccounted for charge in the copper tubes before the inlet of the evaporator. 
Finally, model data shows that the reduced refrigerant side area and increased air side area have increased 
the rate of heat transfer for each element, thereby reducing the mass per element because of higher qualities 
achieved for a shorter length of tube. 
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Chapter 5. Potential of Various Refrigerants for Charge Minimization 
in Microchannel Heat Exchangers 
5.1. Introduction 
While no experimental data will be shown to compare different refrigerants in the low charge refrigeration 
system, this chapter presents a theoretical comparison of R22, R134a, R290 (propane), R600a (isobutane), R717 
(ammonia), and R410A.  The first part of the chapter will compare the effect of a 1% drop in Carnot COP for each 
of the refrigerants, while the second part of the chapter will use the condenser model explained in the previous 
chapters to show a comparison. 
5.2. Refrigerant Comparison using Carnot COP 
The goal of this analysis is to use a 1% difference in Carnot COP to determine a refrigerant pressure drop 
in a condenser for a system with a condensing temperature of 40 °C and evaporation temperature of 0 °C.  Once that 
pressure drop is found, the needed cross sectional area is determined to achieve the calculated pressure drop in a 
condenser with a length of 1 m and a system capacity of 1 kW.  The hydraulic diameter used is the same as those in 
the condensers modeled for this thesis, 0.77 mm.  Then, once the cross sectional area is determined, the charge of 
the refrigerant needed will also be calculated.   
5.2.1. Procedure 
The Carnot COP is found by using the condensation and evaporation temperatures with the following 
equation. 
ec
e
Carnot TT
T
COP −=  (5-1) 
Once the Carnot COP is determined, a 1% decrease in the quantity is determined.  From this decrease, a new 
condensation temperature is found, followed by a new condensation pressure.  The difference between the two 
pressures is considered the pressure drop in a system that would give a 1% difference in Carnot COP.  Once the 
pressure drop is known, the homogenous pressure drop equation is applied using the Churchill [1977] friction factor 
and the homogenous density and viscosity given by the equations 
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The subscripts l and v refer to the saturated liquid and vapor states, respectively. 
To solve for these equations, the given length must be divided into many segments.  In this model, the 
length was divided into 100 segments.  Then, each segment can be solved assuming the quality changes linearly 
throughout the length of the tube.  The pressure drop for each segment is calculated, and the sum of all the 
calculations is made to be equal to the total pressure drop determined above.  The cross sectional is then found with 
the equation 
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where m is the mass flow rate and G is the mass flux  The charge is then calculated for the length of the tube using 
the void fraction correlation, 
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along with the following equation to determine the mass per element. 
( )( )liquidvaporelementcs LAMass ρααρ 1−+=  (5-6) 
5.2.2. Results 
The important quantities that are compared are the pressure drop, the cross sectional area needed, and the 
charge.  Table 5.1 shows a comparison of the different refrigerants for this analysis.  The first quantity to observe is 
the pressure drop needed to produce a decrease in Carnot COP by 1%.  In all cases, a 1% difference in COP leads to 
an approximate 1% pressure drop from the starting pressure of the refrigerant.  R410A allows for the most pressure 
drop to achieve the 1% difference because R410A operates at a much higher pressure than each of the other 
refrigerants listed in this comparison.  Isobutane allows for the smallest pressure drop to achieve this change in 
Carnot COP. 
Table 5.1. Theoretical refrigerant comparison for a 1% decrease in Carnot COP at Tc=40°C and Te=0°C. 
Refrigerant Molar mass ρl ρv μl μv Pin
[g/mol] [kg/m3] [kg/m3] [kg/m-s] [kg/m-s] [kPa]
R22 86.47 1127 66.94 1.40E-04 1.44E-05 1549
R134a 102 1145 50.7 1.60E-04 1.27E-05 1028
propane 44.1 466.4 30.5 8.31E-05 9.44E-06 1382
isobutane 58.12 529.4 13.81 1.27E-04 8.28E-06 536.5
ammonia 17.03 578.8 12.17 1.21E-04 1.10E-05 1573
R410A 72.58 976.2 103.8 9.69E-05 1.52E-05 2437
Refrigerant ΔP mdot G Acs Nports mass
[kPa] [g/s] [kg/m2-s] [cm2] [-] [g]
R22 15.17 6.89 250.4 0.275 44 5.39
R134a 11.07 7.04 186 0.378 60 6.06
propane 12.82 3.74 154.5 0.242 38 2.10
isobutane 5.66 3.68 68.2 0.540 86 2.66
ammonia 17.49 1.04 114.5 0.091 14 0.41
R410A 23.8 7.16 387.2 0.185 29 4.73  
 
This comparison shows that ammonia might be the best fluid to use in this case.  It has a high allowable 
pressure drop to achieve the 1% drop in Carnot COP, which means it can operate with a very small cross sectional 
area.  The data shows that, in fact, ammonia has the smallest allowable cross sectional area, which is equivalent to 
14 ports in the current condenser tube.  Ammonia also has very lower vapor and liquid densities, and that together 
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with a very small cross sectional area will produce a condenser that needs only a very small amount of charge to 
operate. 
While isobutane also requires only a small amount of charge, the pressure drop is the highest of all the 
refrigerants.  Therefore, it will require a much larger cross sectional area to achieve the same performance as the 
other refrigerants.  R410A and propane also operate at lower charges and cross sectional areas than the more 
common refrigerants such as R134a and R22. 
5.3. Condenser and Evaporator Model Comparison 
While the Carnot COP analysis is a good basic comparison, it is better to test the refrigerants in the models 
presented in this thesis.  The number of ports in the model will be varied to try and achieve the same trend in 
pressure drops as shown in the above analysis. 
5.3.1. Procedure 
The next step is to compare the refrigerants in the EES model used to predict the performance of the 
condensers.  The serpentine condenser model is used for this comparison.  The first thing that has to be done is to 
determine the number of ports to use for each refrigerant.  From the Carnot COP analysis, isobutane required the 
most number of ports.  The highest number of ports possible with the tube used in the current condensers is 19.  
Therefore, isobutane will be given 19 ports.  The ratio between the number of ports in the tube, and the number of 
ports required from the Carnot COP analysis is 0.22.  Using that ratio, the number of ports for the rest of the 
refrigerants is determined.  Figure 5.1 shows a possible cross section to use for each of the refrigerants. 
Isobutane R134a
R22 Propane
R410A Ammonia
 
Figure 5.1. Cross section of tube for each of the refrigerants. 
The challenge for this analysis comes in trying to determine the actual inlet temperature to the condenser 
for each refrigerant.  The refrigerant comes in superheated, and therefore the actual inlet temperature is higher than 
the condensing temperature.  What is done to determine this temperature is to assume an isentropic compressor 
efficiency of 0.5 (which was the calculated efficiency of the propane system) and a suction line heat exchanger heat 
transfer rate of 0.1 kW (which was the heat transfer rate in the propane system).  Using this information and also 
using the assumption that the outlet to the evaporator is at the saturated vapor line, the inlet temperature to the 
condenser can be determined.  From this analysis, some of the inlet temperatures determine seemed way too high 
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and above the critical temperature, so they were brought down to just below the critical temperature. See Table 5.2 
for the starting conditions for each of the refrigerants. 
Table 5.2. Starting conditions for the refrigerants. 
refrigerant Ports Tcri Pcri
[-] [oC] [kPa]
R22 10 100 1985
R134a 13 92.86 1350
propane 8 89.82 1748
isobutane 19 83.54 700.1
R717 3 120 2083
R410A 6 75 3123  
 
As for the mass flow rate, that was determined in the model.  A new parametric table was set up for each 
refrigerant, and there was a range of mass flow rates used to find the mass flow rate that would produce a saturated 
liquid at the condenser exit.  This is the situation that would give the best heat transfer for the condenser. 
5.3.2. Results 
The air side conditions were the same for each refrigerant run.  The inlet air temperature is 35 °C and the 
volumetric flow rate is 0.12 m3/s.  Table 5.3 shows the results of the model using the one pass model and the inputs 
shown in Table 5.2. 
Table 5.3. Modeled condenser side results with different refrigerants. 
refrigerant mdot Q ΔP Mtubes
[g/s] [kW] [kPa] [g]
R22 7.2 1.452 220.4 12.13
R134a 7.6 1.564 139.7 12.13
propane 3.6 1.446 194.6 4.61
isobutane 3.8 1.432 90.7 6.27
R717 1.2 1.445 274.6 0.52
R410A 7.3 1.388 400.4 8.52  
 
Compare the results in Table 5.3 with those of the Carnot analysis in Table 5.1.  The trends are the same in 
both analysis’ for the mass flow rate, pressure drop and refrigerant mass.  Therefore, the Carnot analysis has been 
validated with a real condenser model. 
Therefore, the results that are being demonstrated show that the hydrocarbons and ammonia work the best 
for low charge applications.  They produce the same condenser capacity with a lower charge than the other fluids 
because they work at lower cross sectional areas. 
5.4. Conclusions and Recommendations 
The analysis performed in this chapter shows how ammonia is a great refrigerant to work with.  It is toxic 
and flammable, but it is not dangerous in the very small amounts that is shown to be need with this analysis.  One 
way to possibly produce a condenser which would work well with ammonia would be to possibly create a 
microchannel tube and plate fin combination.  This will reduce the unneeded heat transfer area on the refrigerant 
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side greatly while unchanging, or even increasing, the air side heat transfer area.  This might also be cheaper to 
produce because there is less tube material being used. 
It is important to actually test the different refrigerants and compare that data to what is predicted through 
this analysis.  This is the next step in this charge minimization project will be continued past the completion of this 
thesis. 
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Appendix A:  Charge Collection 
A.1. Charge Collection Procedure 
Once a steady state point has been achieved and data recorded, the compressor is shut off and 
simultaneously, the five valves isolating the five components of the system are closed, thereby trapping the 
refrigerant charge in each of the areas.  These components include the compressor, condenser, liquid line, 
evaporator, and suction line.  A collection cylinder is used to retrieve the refrigerant.  The cylinder is vacuumed and 
the evacuated weight is recorded.  Then, a refrigerant hose is used to connect the cylinder to one of the five areas by 
means of a discharge port.  The cylinder is then placed in liquid nitrogen as shown in Figure A.1.  The temperature 
of the liquid nitrogen (77K) allows the saturation pressure of the refrigerant to be very close to zero.  The saturation 
pressure of propane at 85 K (the lowest EES will calculate) is on the order of 10-7 kPa.  The cylinder is then opened 
and the refrigerant migrates into the cylinder. 
 
Figure A.1. Cylinder in Liquid Nitrogen. 
Once the pressure in the component reads constant and near zero, the cylinder is closed and taken out of the 
liquid nitrogen.  It is then heated to prevent any moisture in the air from condensing on the cold surface of the 
cylinder.  The cylinder is then weighed again and the mass of the refrigerant is determined. 
To determine if any oil was collected with the refrigerant, the cylinder is once again evacuated and 
weighted.  Any difference in weight more than the 0.04 g (the accuracy of the scale) can most likely be attributed to 
oil collection.  This rarely happened during the procedure because most of the discharge port are located in areas 
where oil will not collect. 
A.2. Uncertainty and Error in Measurements 
There is a small uncertainty when collecting the charge in the different areas of the system.  First, the scale 
used to make the weight measurements had an uncertainty of ±0.02 g.  Using the scale twice, the uncertainty of the 
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measure becomes ±0.04 g per component and ±0.20 g for the whole system.  There is also error involved with the 
refrigerant hose.  When the hose is connected between the cylinder and system, there is air at room temperature 
inside the hose which is collected with the refrigerant.  Using room temperature and pressure, and the internal 
volume of the hose, it is found that approximately 0.06 g of air is collected with the refrigerant.  Refrigerant left in 
the hose after the collection can be considered negligible due to the fact the pressure of the refrigerant in the hose 
should be near vacuum conditions. 
There is also error associated with collection of charge in the compressor.  The compressor did not have a 
valve separating the discharge port from the system, therefore, some charge was lost when connecting the hose.  To 
determine how much charge might be lost, pressure and temperature data was taken before and after the hose was 
connected, and the difference in specific volume was used along with the internal volume of the compressor.  It was 
found that as much as a half of a gram was lost when the hose is connected. 
There is also refrigerant still left in each component after the collection.  This is the refrigerant that is 
released by the oil after the collection.  This really only has a big effect in the compressor.  To account for this extra 
charge, temperature and pressure data is recorded well after the charge has all been collected from the system and 
these measurements are then used to find the specific volume.  The internal volume of each component is know and 
therefore, the left over charge can be calculated.  Table A.1 shows an example of this calculation.  The first part of 
the table shows the measurements shortly after the charge collection was completed, and the second part shows 
when the measurements were taken the next day.  The table shows how, except for the compressor, all the 
components usually contain about 0.10 g or less after the charge collection.  The compressor contains almost all the 
oil in the system and an hour is not enough time to allow the refrigerant to come out of the oil.  There is a 1.5 g 
different between measuring the leftover charge shortly after collection and a day after.  The fact that 4.5 g can be 
taken out of the compressor after charge collection is also alarming because 4.5 g is about 10% of the total charge of 
the compressor, which can make for considerable error. 
Table A.1. Example of charge collection data and remainder calculation. 
Temp Pressure Spec. Vol. Remainder Temp Pressure Spec. Vol. Remainder
[°C] [kPa] [m3/kg] [g] [°C] [kPa] [m3/kg] [g]
Cond 27.16 8.93 6.33 0.03 22.91 30.96 1.79 0.12
Evap 22.76 35.16 1.58 0.05 21.93 90.1 0.61 0.13
Comp 29.2 83.3 0.68 2.99 22.45 122 0.45 4.51
SLHX High 24.28 24.73 2.26 0.02 22.59 58.76 0.94 0.06
SLHX Low 24.71 42.12 1.32 0.03 22.68 54.3 1.02 0.04
Measured right after charge collection Measured next day
 
 
The way to reduce this error as much as possible to leave the cylinder submerged in the liquid nitrogen as 
long as possible when collecting charge from the compressor.  Normally, the cylinder is connected to each 
component for 5-10 minutes.  For the compressor, it is usually 15-20 minutes.  Ideally, it should be connected for 
much longer than that. 
Therefore, the error involved in collection of refrigerant from the components other than the compressor is 
very small, on the order of 0.1 g.  For the compressor, the error can be very large.  As shown in the table above, if 
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data was not taken the next day to determine the remainder, 1.5 g would have gone unaccounted for.  As will be seen 
in the next section, almost 5 g would have gone unaccounted for in the compressor.  
A.3. Accuracy and Repeatability 
There is a need to know the accuracy of the charge collection and the repeatability of the system 
performance with the same amount of charge.  When dealing with charges ranging between 60-100g, small 
inaccuracies can make a big difference.  A test was taken with an unknown amount of refrigerant.  Once a steady 
state point was reached, data was recorded and the charge was collected and measured.  Then, after a complete 
vacuuming of the system, that same amount was put back into the system and data was taken again, and the charge 
collected again. 
In the initial test, 99.57 g was collected.  This was determined by taking out the charge and then calculating 
the remaining charge using the temperature and pressure in the different parts of the system the next day.  Then, 
after the system was under a vacuum for about five hours, it was recharged with 100 grams.  The following tables 
show the results of this test.  Table A.2 shows the charge collection data with Test 1 is the initial test and Test 2 is 
the test taken with the charged amount of 100 grams. 
Table A.2. Charge collection results for charge accuracy test. 
Total
Cond Evap Comp Liquid line Suction Line Cond Evap Comp Liquid line Suction Line system
Test 1 21.34 5.75 38.16 31.31 0.95 0.13 0.48 1.36 0.06 0.02 99.57
Test 2 21.04 5.69 22.87 36.43 0.76 0.28 1.12 5.44 0.07 0.04 93.74
Remainder after next dayInitial collection
 
 
The amount calculated from the second test was 93.73 g, which leaves about 6.25 g unaccounted for.  As 
shown in the table, there was still a significant amount of charge left in the compressor one day after the initial 
charge collection.  Because the amount was rather large, it was collected using liquid nitrogen.  7.05 g was 
recovered from the compressor.  The bring the total charge collected from the compressor to 29.92 g.  The system 
was left to sit once again and the next day temperature and pressure data was taken to determine how much charge 
was still in the compressor.  That amount turned about to be 3.19 g.  Therefore, the total amount calculated in the 
compressor come to 33.11 g, and brings the total system charge calculated to 98.54 g.  This leaves about 1.5 g 
unaccounted for.  Some of the unaccounted for charge could have been lost when connecting the refrigerant tubing 
to the discharge port of the compressor, or there could still be a very small amount of charge still left in the oil. 
The final charge breakdown is shown in Table A.3.  The condenser, evaporator, and suction line quantities 
match up fairly well.  However, its looks as though some of the charge that is normally located in the compressor 
was located in the liquid line.  This could be seen during the experiment because the high side receiver was 75% 
filled with liquid in the first test, but completely full in the second test.  There was one different between the two test 
points, and that was the amount of time the refrigerant was in the system before the system was started and data was 
taken.  There was refrigerant in the system for a few days before the test data was taken.  For the second test, the 
refrigerant was added to a completely evacuated system and the system was started and data was taken the same 
day.  It is possible that the refrigerant did not have sufficient time to absorb into the oil that the first test did. 
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Table A.3. Final charge distribution in two charge tests. 
Total
Cond Evap Comp Liquid line Suction Line system
Test 1 21.47 6.23 39.52 31.37 0.97 99.57
Test 2 21.32 6.81 33.11 36.50 0.80 98.54
Component Charge
 
 
As for repeatability, Table A.4 shows the performance of the system for both of the tests.  Both tests show 
almost the same performance even though the charge distribution was different for each of the tests. 
Table A.4. System performance comparison of charge accuracy tests. 
Vevap Vcond Teai Tcai Mr Qevap Qcond Wcomp COP
(m3/s) (m3/s) (oC) (oC) (g/s) (kW) (kW) (kW) (-)
Test 1 0.068 0.123 27.51 35.72 4.015 1.157 1.537 0.4898 2.362
Test 2 0.068 0.123 27.47 35.71 3.841 1.14 1.495 0.4818 2.367
Test Condition Performance
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Appendix B:   Experimental Data 
The following table present all the experimental data taken during this project.  More data was used in this 
these, but taken by Hoehne.  The name of the data point refers to the heat exchanger that the data was taken 
specifically taken for, followed by the condition. 
Table B.1. Condenser air side data. 
Data Point Vdot Tcai Tcao Tcn Pcai Pcao Pcn
[m3/s] [oC] [oC] [oC] [kPa] [kPa] [kPa]
regular fin evap-K 0.124 28.29 37.89 36.48 98.96 98.91 98.48
regular fin evap-I 0.124 28.34 40.23 38.44 99.41 99.36 98.94
regular fin evap-AB 0.124 40.69 50.43 49.08 98.72 98.67 98.27
regular fin evap-U 0.123 35.58 46.93 45.23 99.6 99.55 99.14
splitter fin evap-I 0.123 28.3 40.4 38.52 99.32 99.27 98.85
splitter fin evap-AB 0.125 40.67 50.59 49.16 98.99 98.94 98.53
splitter fin evap-U 0.124 35.62 47.17 45.45 99.2 99.15 98.73
serp cond-U 0.124 35.6 43.73 45.79 98.88 98.83 98.42
serp cond-I 0.125 27.77 36.94 38.37 99.39 99.34 98.91
one pass 19-U 0.122 35.57 47.46 45.84 98.9 98.85 98.45
one pass 19-I 0.123 27.72 40.12 38.29 99.44 99.39 98.97
one pass 10-U 0.123 35.61 46.97 45.39 100.3 100.3 99.85
one pass 10-I 0.123 28.3 40.4 38.52 99.32 99.27 98.85
two pass-U 0.124 35.57 48.19 44.89 99.12 99.07 98.66
two pass-I 0.124 27.86 40.5 37.64 99.18 99.13 98.71
Condenser air data
 
Data Point Pcnd Tdpci Rhci Wci hcai hcao hcan
[kPa] [oC] [-] [-] [kJ/kg] [kJ/kg] [kJ/kg]
regular fin evap-K 0.423 22.87 0.33 0.0080 48.88 58.68 57.24
regular fin evap-I 0.423 24.6 0.21 0.0051 41.59 53.67 51.85
regular fin evap-AB 0.405 25.34 0.17 0.0082 61.95 71.9 70.52
regular fin evap-U 0.412 25.54 0.13 0.0047 47.8 59.32 57.6
splitter fin evap-I 0.422 24.65 0.20 0.0048 40.64 52.93 51.02
splitter fin evap-AB 0.415 25.89 0.08 0.0038 50.77 60.83 59.38
splitter fin evap-U 0.413 20.21 0.15 0.0054 49.81 61.56 59.81
serp cond-U 0.413 25.79 0.23 0.0085 57.75 66.07 68.17
serp cond-I 0.428 24.92 0.34 0.0081 48.54 57.91 59.37
one pass 19-U 0.402 25.84 0.17 0.0064 52.28 64.38 62.73
one pass 19-I 0.420 24.79 0.14 0.0034 36.52 49.08 47.22
one pass 10-U 0.415 23.03 0.08 0.0027 42.83 54.32 52.73
one pass 10-I 0.422 24.65 0.20 0.0048 40.65 52.93 51.03
two pass-U 0.417 25.19 0.13 0.0047 47.85 60.66 57.31
two pass-I 0.421 25.17 0.32 0.0077 47.74 60.64 57.72
Condenser air data
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Table B.2. Evaporator air side data. 
Data Point Vdot Teai Teao Ten Ped Peao Pen Pend Tdpei
[m3/s] [oC] [oC] [oC] [kPa] [kPa] [kPa] [kPa] [oC]
regular fin evap-K 0.068 14.9 4.84 5.64 0.039 102 101.5 0.303 1.63
regular fin evap-I 0.068 26.38 12.86 13.08 0.034 102 101.5 0.301 5.40
regular fin evap-AB 0.068 20.36 10.48 11.07 0.038 102 101.6 0.300 7.45
regular fin evap-U 0.067 26.65 13.52 13.77 0.033 102 101.6 0.290 3.31
splitter fin evap-I 0.068 27.65 12.34 13.25 0.028 102 101.6 0.295 2.73
splitter fin evap-AB 0.068 21.43 9.63 10.56 0.028 102 101.6 0.303 -0.37
splitter fin evap-U 0.068 27.58 13.27 14.17 0.028 102 101.6 0.294 4.92
serp cond-U 0.068 27.58 13.62 14.55 0.033 102 101.6 0.293 9.30
serp cond-I 0.068 27.57 12.59 13.72 0.034 102 101.5 0.292 7.86
one pass 19-U 0.067 27.5 13.11 13.94 0.028 102 101.6 0.288 7.27
one pass 19-I 0.068 27.48 12.32 13.27 0.028 102 101.6 0.301 -0.72
one pass 10-U 0.067 27.56 13.21 14.02 0.028 102 101.6 0.293 -2.75
one pass 10-I 0.068 27.65 12.34 13.25 0.028 102 101.6 0.295 2.73
two pass-U 0.068 27.53 13.12 13.97 0.028 102 101.6 0.293 2.56
two pass-I 0.075 25.8 13.58 13.89 0.040 102 101.5 0.360 7.90
Evaporator air data
 
Data Point Tdpen Rhei Rhen Wei Wen heai hean heao
[oC] [-] [-] [-] [-] [kJ/kg] [kJ/kg] [kJ/kg]
regular fin evap-K 10.52 0.41 0.75 0.0042 0.0042 25.66 16.28 15.46
regular fin evap-I 17.81 0.26 0.59 0.0055 0.0055 40.62 27.1 26.88
regular fin evap-AB 16.4 0.43 0.78 0.0064 0.0064 36.65 27.19 26.59
regular fin evap-U 15.05 0.22 0.49 0.0048 0.0048 38.95 25.88 25.63
splitter fin evap-I 15.86 0.20 0.49 0.0046 0.0046 39.49 24.87 23.95
splitter fin evap-AB 9.436 0.23 0.46 0.0036 0.0036 30.8 19.79 18.85
splitter fin evap-U 17.28 0.24 0.53 0.0053 0.0053 41.37 27.74 26.83
serp cond-U 21.71 0.32 0.70 0.0072 0.0072 46.2 32.91 31.96
serp cond-I 20.98 0.29 0.67 0.0065 0.0065 44.45 30.35 29.19
one pass 19-U 20.04 0.28 0.64 0.0063 0.0063 43.72 29.91 29.07
one pass 19-I 11.76 0.16 0.38 0.0035 0.0035 36.67 22.27 21.31
one pass 10-U 8.562 0.13 0.30 0.0030 0.0030 35.34 21.63 20.81
one pass 10-I 15.85 0.20 0.49 0.0046 0.0046 39.48 24.87 23.94
two pass-U 14.83 0.20 0.46 0.0045 0.0045 39.22 25.46 24.6
two pass-I 19.16 0.32 0.67 0.0066 0.0066 42.69 30.57 30.25
Evaporator air data
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Table B.3. Condenser refrigerant side data. 
Data Point Tcri Tcro Tcro,sat Tsubcool Pcri Dpcr Pcro hcri hcro
[oC] [oC] [oC] [oC] [kPa] [kPa] [kPa] [kJ/kg] [kJ/kg]
regular fin evap-K 79.21 38.88 40.74 1.86 1396 2.98 1393 699.4 304.5
regular fin evap-I 79.28 42.44 43.71 1.27 1494 4.05 1490 696.9 314.9
regular fin evap-AB 95.45 52.02 52.91 0.89 1827 2.80 1824 724.3 343.7
regular fin evap-U 88.11 49.17 50.03 0.86 1718 3.00 1715 710.5 335
splitter fin evap-I 79.05 42.72 43.86 1.14 1499 4.05 1495 696.2 315.7
splitter fin evap-AB 95.75 52.32 53.15 0.83 1836 2.94 1834 724.8 344.7
splitter fin evap-U 89.09 49.17 50.36 1.19 1731 4.14 1727 712.4 335
serp cond-U 90.62 49.28 50.49 1.21 1774 41.77 1732 714.7 335.3
serp cond-I 79.15 42.04 42.74 0.70 1507 49.40 1458 696.2 313.8
one pass 19-U 89.82 49.04 50.58 1.54 1738 2.85 1735 713.8 334.6
one pass 19-I 79.25 41.77 43.03 1.26 1471 3.09 1468 697.4 313
one pass 10-U 90.73 49.14 50.69 1.55 1743 3.67 1739 715.8 334.9
one pass 10-I 79.05 42.72 43.84 1.12 1499 4.00 1495 696.2 315.7
two pass-U 88.81 48.31 50.55 2.24 1738 3.91 1734 711.6 332.4
two pass-I 84 41.42 43.11 1.69 1474 3.60 1470 707.7 311.9
Condenser refrigerant data
 
Table B.4. Evaporator refrigerant side data. 
Data Point xin Teri Tero Tsuperheat Peri Dper Pero heri hero
[-] [oC] [oC] [oC] [kPa] [kPa] [kPa] [kJ/kg] [kJ/kg]
regular fin evap-K 0.19 0.3 -1.29 -0.12 484.2 26.32 457.9 274 576
regular fin evap-I 0.20 7.77 7 1.10 602.6 36.61 566 291.5 589.8
regular fin evap-AB 0.26 5.56 4.52 0.50 563.7 28.18 535.5 308.2 585.8
regular fin evap-U 0.23 8.85 7.11 0.03 620.3 34.55 585.7 305.6 587.4
splitter fin evap-I 0.19 7.15 7.73 1.69 590.3 21.99 568.3 289 586.3
splitter fin evap-AB 0.26 5.52 5.39 0.76 562.6 17.41 545.2 308.9 582.7
splitter fin evap-U 0.23 8.42 9.01 1.55 613 20.85 592.1 305.5 587.4
serp cond-U 0.23 8.16 10.16 2.81 610.1 19.77 590.4 305.8 589.2
serp cond-I 0.19 6.93 6.89 0.94 587.6 20.89 566.7 288.7 585.4
one pass 19-U 0.23 8.12 8.79 1.18 616 21.28 594.7 305.6 586.8
one pass 19-I 0.20 7.04 9.73 3.90 587.1 22.29 564.9 290.1 588.9
one pass 10-U 0.24 8.07 11.78 4.23 615.2 21.41 593.8 307.5 591.3
one pass 10-I 0.19 7.15 7.73 1.69 590.3 22.00 568.3 289 586.3
two pass-U 0.23 8.23 8.5 1.03 613.4 21.07 592.3 304 586.4
two pass-I 0.22 6.18 18.07 12.90 575 21.00 554 295.3 604.1
Evaporator refrigerant data
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Table B.5. High side of the suction line heat exchanger data. 
Data Point Tshri Tshro Pshri Pshro hshri hshro
[oC] [oC] [kPa] [kPa] [kJ/kg] [kJ/kg]
regular fin evap-K 37.91 28.09 1394 1394 301.7 274
regular fin evap-I 41.75 34.35 1492 1492 312.9 291.5
regular fin evap-AB 50.82 40.21 1827 1827 340 308.2
regular fin evap-U 48.43 39.31 1717 1717 332.7 305.6
splitter fin evap-I 41.17 33.48 1498 1498 311.2 289
splitter fin evap-AB 51.46 40.45 1839 1839 342 308.9
splitter fin evap-U 48.31 39.28 1732 1732 332.4 305.5
serp cond-U 48.11 39.37 1734 1734 331.7 305.8
serp cond-I 41.24 33.37 1456 1456 311.4 288.7
one pass 19-U 48.41 39.32 1736 1736 332.7 305.6
one pass 19-I 41.23 33.84 1467 1466 311.4 290.1
one pass 10-U 48.5 39.95 1742 1742 332.9 307.5
one pass 10-I 41.17 33.48 1498 1498 311.2 289
two pass-U 47.77 38.76 1733 1733 330.7 304
two pass-I 41.13 35.67 1470 1470 311.1 295.3
Suction Line Heat Exchanger - High Side
 
Table B.6. Low side of the suction line heat exchanger data. 
Data Point Tslri Tslro Pslri Pslro hslri hslro
[oC] [oC] [kPa] [kPa] [kJ/kg] [kJ/kg]
regular fin evap-K 0.32 15.65 441.7 440.8 576 603.7
regular fin evap-I 10.44 21.88 545.5 544 589.8 611.2
regular fin evap-AB 7.8 24.91 518.9 518 585.8 617.6
regular fin evap-U 9.68 24.13 565.8 564.9 587.4 614.5
splitter fin evap-I 8.71 20.46 548.7 546.8 586.3 608.5
splitter fin evap-AB 6.45 24.11 529.1 528.2 582.7 615.8
splitter fin evap-U 9.92 24.12 573.1 571.9 587.4 614.3
serp cond-U 10.72 24.59 570.4 569.4 589.2 615.2
serp cond-I 8.14 20.21 545.7 544.4 585.4 608.1
one pass 19-U 9.61 23.97 577 575.1 586.8 613.9
one pass 19-I 10.07 21.34 546.1 543.8 588.9 610.2
one pass 10-U 12 25.56 576.2 574.2 591.3 616.8
one pass 10-I 8.71 20.46 548.7 546.8 586.3 608.5
two pass-U 9.34 23.47 573.4 572.1 586.4 613.1
two pass-I 18 26.47 532.5 531.2 604.1 620
Suction Line Heat Exchanger - Low Side
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Table B.7. Compressor data. 
Data Point Trcpi Trcpo Prcpi Prcpo Pratio hrcpi hcrpo Tshell
[oC] [oC] [kPa] [kPa] [-] [kJ/kg] [kJ/kg] [oC]
regular fin evap-K 15.65 79.21 437.3 1396 3.193 603.9 699.4 43.61
regular fin evap-I 21.88 79.28 537.9 1494 2.778 611.4 696.9 43.11
regular fin evap-AB 24.91 95.45 515.8 1827 3.542 617.6 724.3 52.09
regular fin evap-U 24.13 88.11 560.8 1718 3.063 614.7 710.5 47.5
splitter fin evap-I 20.46 79.05 540.6 1499 2.774 608.7 696.2 42.92
splitter fin evap-AB 24.11 95.75 525.7 1836 3.493 615.9 724.8 52.38
splitter fin evap-U 24.12 89.09 567.1 1731 3.052 614.4 712.4 48.53
serp cond-U 24.59 90.62 566.2 1774 3.132 615.3 714.7 49.07
serp cond-I 20.21 79.15 539.7 1507 2.793 608.3 696.2 41.96
one pass 19-U 23.97 89.82 570.3 1738 3.048 614 713.8 48.93
one pass 19-I 21.34 79.25 537.4 1471 2.737 610.4 697.4 43.83
one pass 10-U 25.56 90.73 568.5 1743 3.066 617 715.8 49.39
one pass 10-I 20.46 79.05 540.6 1499 2.773 608.7 696.2 42.92
two pass-U 23.47 88.81 566.5 1738 3.068 613.3 711.6 47.86
two pass-I 26.47 84 526.4 1474 2.8 620.1 707.7 48.08
Compressor data
 
Table B.8. Component charge data. 
Data Point Cond SLHX High Evap SLHX Low Comp system
[g] [g] [g] [g] [g] [g]
regular fin evap-K 21.68 28.71 8.96 0.81 33.74 93.90
regular fin evap-I 22.86 29.34 8.98 0.77 42.01 103.97
regular fin evap-AB 22.41 26.56 10.81 0.94 38.05 98.77
regular fin evap-U 23.23 21.88 10.85 0.92 44.24 101.12
splitter fin evap-I 22.99 35.46 7.48 1.05 42.99 109.97
splitter fin evap-AB 23.13 23.70 9.20 2.26 28.69 86.99
splitter fin evap-U 22.67 24.84 10.95 1.38 39.60 99.44
serp cond-U 22.51 25.54 6.6 0.81 32.22 87.68
serp cond-I 22.66 27.26 7.91 1.15 39.73 98.7
one pass 19-U 30.43 21.05 10.23 1.14 39.68 103.13
one pass 19-I 28.72 26.68 12.91 1.34 37.87 107.52
one pass 10-U 22.67 24.84 10.95 1.38 39.60 99.44
one pass 10-I 22.99 35.46 7.48 1.05 42.99 109.97
two pass-U 29.03 30.38 6.32 0.02 40.48 106.24
two pass-I - - - - - -
Charge
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Table B.9. System performance data. 
Data Point mdot Qc,air Qc,ref Qe,air Qe,ref Qslhx Wcomp
[kg/s] [kW] [kW] [kW] [kW] [kW] [kW]
regular fin evap-K 3.328 1.36 1.31 0.94 1.01 0.092 0.394
regular fin evap-I 4.231 1.64 1.62 1.21 1.26 0.090 0.437
regular fin evap-AB 3.578 1.51 1.36 0.89 0.99 0.114 0.490
regular fin evap-U 4.143 1.65 1.56 1.15 1.17 0.112 0.487
splitter fin evap-I 4.254 1.66 1.62 1.29 1.27 0.094 0.439
splitter fin evap-AB 3.656 1.54 1.39 1.04 1.00 0.121 0.494
splitter fin evap-U 4.163 1.67 1.57 1.20 1.17 0.112 0.493
serp cond-U 4.067 1.70 1.54 1.17 1.15 0.106 0.502
serp cond-I 4.177 1.69 1.60 1.24 1.24 0.095 0.443
one pass 19-U 4.178 1.71 1.58 1.20 1.18 0.113 0.498
one pass 19-I 4.185 1.68 1.61 1.29 1.25 0.089 0.435
one pass 10-U 4.174 1.68 1.59 1.21 1.19 0.106 0.498
one pass 10-I 4.254 1.66 1.62 1.29 1.27 0.094 0.439
two pass-U 4.197 1.60 1.59 1.21 1.19 0.112 0.495
two pass-I 4.009 1.56 1.59 1.19 1.24 0.063 0.432
System Performance
 
 
Data Point COPair COPref ηcomp ηisen ηmech ηvol Tamb
[-] [-] [-] [-] [-] [-] [oC]
regular fin evap-K 2.39 2.55 0.626 0.505 0.808 0.698 22.18
regular fin evap-I 2.76 2.89 0.614 0.508 0.828 0.726 22.72
regular fin evap-AB 1.82 2.03 0.623 0.486 0.780 0.652 23.41
regular fin evap-U 2.35 2.40 0.603 0.491 0.815 0.686 23.26
splitter fin evap-I 2.93 2.88 0.594 0.503 0.848 0.721 22.54
splitter fin evap-AB 2.10 2.03 0.599 0.483 0.806 0.650 23.65
splitter fin evap-U 2.43 2.38 0.586 0.485 0.828 0.680 23.39
serp cond-U 2.33 2.30 0.593 0.478 0.806 0.667 24.51
serp cond-I 2.80 2.80 0.594 0.493 0.829 0.708 24.26
one pass 19-U 2.41 2.36 0.574 0.480 0.837 0.678 23.55
one pass 19-I 2.97 2.88 0.592 0.496 0.838 0.717 23.76
one pass 10-U 2.42 2.38 0.588 0.487 0.828 0.685 23.21
one pass 10-I 2.92 2.88 0.594 0.503 0.848 0.721 22.54
two pass-U 2.44 2.39 0.585 0.488 0.834 0.685 23.31
two pass-I 2.76 2.87 0.619 0.504 0.814 0.720 23.96
System Performance
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Appendix C:  EES code for Serpentine Condenser 
While there were many different models involved in this project, only one will be presented.  All of the 
models are very similar to this one with only a few minor changes.  This provides a good template for producing any 
simple model for a simple heat exchanger. 
 
procedure CONDENSER(ref$, Dh, L, A_a, A_r_cs, A_r, Tri, Pri, hri, Tai, m_dot_r, G_r, m_dot_a, h_air    :Tro, Pro, hro, Tao, Q, x, M, 
alpha, h_ref, DELTAP, Vel_r) 
 
{first find the saturated enthalpies at inlet pressures} 
h_l=ENTHALPY(ref$, T=Tri, x=0) 
h_v=ENTHALPY(ref$, T=Tri, x=1) 
Vol_tubes=A_r_cs*L 
{go through these if statements to pass the values into the procedure that will correctly evaluate the exit conditions of the element} 
if (hri > h_v)  then 
 call SUPERHEATED(ref$, Dh, L, A_a, A_r, Tai, Tri, Pri, hri, m_dot_r, G_r, m_dot_a, h_air :Tro, Pro, hro, Tao, Q, h_ref, 
DELTAP, Vel_r  ) 
 x=100     "set quality to 100 to know that this is a superheated section" 
 alpha=100    "set void fraction to 100 to know that this is a superheated section" 
 
 {following equations to predict charge} 
 T_avg=(Tri+Tro)/2   "Average temperature of the element" 
 P_avg=(Pri+Pro)/2   "Average pressure of the element" 
 rho=density(ref$, T=T_avg, P=P_avg) "Average density of element" 
 M=Vol_tubes*rho    "Mass calculated with volume of element and the average  density" 
endif  
 
if (hri <= h_v) AND (hri >= h_l) then 
 call TWOPHASE(ref$, Dh, L, A_a, A_r, Tai, Tri, Pri, hri, m_dot_r, G_r, m_dot_a, h_air: Tro, Pro, hro, Tao, Q, x_i, x_o, 
h_ref, DELTAP, Vel_r) 
 x=x_o   "Inlet quality of element" 
 x_avg=(x_i+x_o)/2 "Average quality of the element" 
 if (x_avg<0) then  "If  value is negative, set quality to inlet value so positive value will go to procedure call" 
  x_avg=x_i 
 endif 
 T_avg=(Tri+Tro)/2     "Average temperature of the element" 
 Call VOIDFRACTION(ref$,x_avg, T_avg, G_r, Dh : alpha) "Average void fraction of element" 
 
 P_avg=(Pri+Pro)/2   "Average pressure of the element" 
 v_l=volume(ref$, T=T_avg, x=0)  "Liquid specific volume at average temperature" 
 v_v=volume(ref$, T=T_avg, x=1)  "Vapor specific volume at average temperature" 
 M=Vol_tubes*(alpha/v_v+(1-alpha)/v_l) "Mass of tubes" 
endif 
 
if (hri<h_l) then 
 state$='subcooled' 
 call SUBCOOLED(ref$, Dh, L, A_a, A_r, Tai, Tri, Pri, hri, m_dot_r, G_r, m_dot_a, h_air: Tro, Pro, hro, Tao, Q, h_ref, 
DELTAP, Vel_r) 
 x=-100     "set quality to -100 to know that this is a subcooled section" 
 alpha=-100    "set void fraction to -100 to know that this is a subcooled section" 
 
 {following equation to predict charge} 
 T_avg=(Tri+Tro)/2   "Average temperature of the element" 
 P_avg=(Pri+Pro)/2   "Average pressure of the element" 
 rho=density(ref$, T=T_avg, P=P_avg) "Average density of element" 
 M=Vol_tubes*rho    "Mass calculated with volume of element and the average  density" 
endif 
end 
{---------------------------------------------------------------------------------------------------------------------------------------------------------------------------} 
 
procedure SUPERHEATED(ref$, Dh, L, A_a, A_r, Tai, Tri, Pri, hri, m_dot_r, G_r, m_dot_a, h_air  :Tro, Pro, hro, Tao, Q, h_ref, 
DELTAP, Vel_r  ) 
$common Relrough_c, eta_surface_c, w_aci, P_atm 
 
call KNOWTP(ref$, Tri, Pri : v, h, mu, k, cp) 
rho=1/v     "Density is inverse of specific volume" 
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Vel_r=G_r/rho    "Velocity of the refrigerant" 
Re=rho*Vel_r*Dh/mu   "Reynold's number" 
Pr=cp*mu/k*1000    "Prandlt number" 
call FF_CHURCHILL(Re, Relrough_c: f) "Find the friction factor with Churchill correlation" 
call NU_GNIELINSKI(Re, Pr, f : Nusselt) "Find the Nusselt number with Gnielinski correlation" 
 
 
h_ref=Nusselt*k/Dh    "Heat transfer coefficient" 
 
 
cp_air=CP(AIRH2O, T=Tai, P=P_atm, w=w_aci) "Specific heat of the air" 
cp_ref=CP(ref$, T=Tri, P=Pri)   "Specific heat of the refrigerant" 
C_ref=m_dot_r*cp_ref    "Specific heat rate of the air" 
C_air=m_dot_a*cp_air    "Specific heat rate of the refrigerant" 
 
R1=1/(eta_surface_c*A_a*h_air)+1/(h_ref*A_r) "Thermal resistance" 
UA=1/R1     "UA value of heat exchanger" 
C_min=MIN(C_ref, C_air)    "Cmin calc" 
C_max=MAX(C_ref, C_air)    "Cmax calc" 
C_ratio=C_min/C_max    "heat capacity rate ratio" 
NTU=UA/(C_min*1000)    "Number of thermal units" 
epsilon=1-exp(C_ratio^(-1)*NTU^(0.22)*(exp(-C_ratio*NTU^(0.78))-1))  "epsilon calculation" 
 
Q=epsilon*C_min*(Tri-Tai)    "Heat transfer of the element" 
 
{run this loop to calculate the exit air and refrigerant temperatures} 
if (C_ref < C_air) then 
 Tro=Tri-epsilon*(Tri-Tai) 
 Tao=Tai+C_ref*((Tri-Tro)/C_air) 
else 
 Tao=Tai-epsilon*(Tai-Tri) 
 Tro=Tri+C_air*((Tai-Tao)/C_ref) 
endif 
 
 
DELTAP=f*L/Dh*G_r^2*v/2000 "Pressure drop for this section" 
Pro=Pri-DELTAP   "Exit pressure of the element" 
hro=hri-Q/m_dot_r  "Exit enthalpy of the element" 
 
 
end 
{---------------------------------------------------------------------------------------------------------------------------------------------------------------------------} 
procedure TWOPHASE(ref$, Dh, L, A_a, A_r, Tai, Tri, Pri, hri, m_dot_r, G_r, m_dot_a, h_air  :Tro, Pro, hro, Tao, Q, x_i, x_o, h_ref, 
DP, Vel_r) 
$common Relrough_c, eta_surface_c, w_aci, P_atm 
 
call SATPROP_P(ref$, Pri : T_sat, v_l, v_v, rho_l, rho_v, h_l, h_v, mu_l, mu_v, cp_l, cp_v, k_l, k_v) 
x_i=(hri-h_l)/(h_v-h_l) 
 
Call  h_cond_Dobson(ref$, x_i,Pri, Dh,G_r : h_ref) 
 
cp_air=CP(AIRH2O, T=Tai, P=P_atm, w=w_aci) "Specific heat of the air" 
C_air=m_dot_a*cp_air    "Specific heat rate of the refrigerant" 
R1=1/(eta_surface_c*A_a*h_air)+1/(h_ref*A_r) "Thermal resistance" 
UA=1/R1     "UA value of heat exchanger" 
NTU=UA/(C_air*1000)    "Number of thermal units" 
epsilon=1-EXP(-NTU)    "Basic epsilon-NTU method" 
Q = epsilon * C_air *(Tri - Tai)   "Heat transfer" 
 
Tao= Tai + Q / C_air    "Air temperature out of condenser" 
hro=hri-Q/m_dot_r    "Exit enthalpy of refrigerant" 
x_o=(hro-h_l)/(h_v-h_l)    "Exit quality" 
 
Re=G_r*Dh/mu_l     "Reynolds number" 
 
call FF_CHURCHILL(Re, Relrough_c : f)  "Friction Factor" 
 
 
if (x_o<=0) then "If subcooled, ignore the pressure drop" 
 Pro=Pri 
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 DP=0 
endif 
 
if(x_o>0) then  "use Souza correlation" 
 call PRESS_D(ref$, Tri, x_i, x_o, f, L, Dh, G_r, v_l, v_v, m_dot_r, A_r : DP) 
 Pro=Pri-DP 
endif 
 
Tro=TEMPERATURE(ref$, P=Pro, h=hro) "calculated new temperature with calculated pressure" 
 
if (x_o>1) OR (x_o<0)  then 
 rho_o=density(ref$, P=Pri, T=Tro) 
else 
 rho_o=density(ref$, P=Pri, x=x_o) 
endif 
 
Vel_r=G_r/rho_o 
 
end 
 
{---------------------------------------------------------------------------------------------------------------------------------------------------------------------------} 
procedure SUBCOOLED(ref$, Dh, L, A_a, A_r, Tai, Tri, Pri, hri, m_dot_r, G_r, m_dot_a, h_air  :Tro, Pro, hro, Tao, Q, h_ref, 
DELTAP, Vel_r) 
$common Relrough_c, A_r_cs_c, P_atm, w_aci, eta_surface_c 
 
call KNOWTP(ref$, Tri, Pri : v, h, mu, k, cp) 
rho=1/v     "Density is inverse of specific volume" 
Vel_r=G_r/rho    "Velocity of the refrigerant" 
Re=rho*Vel_r*Dh/mu   "Reynold's number" 
Pr=cp*mu/k*1000    "Prandlt number" 
 
call FF_CHURCHILL(Re, Relrough_c : f) "Find the friction factor" 
call NU_GNIELINSKI(Re, Pr, f : Nusselt) "Find the Nusselt number" 
h_ref=Nusselt*k/Dh   "Heat transfer coefficient" 
 
 
cp_air=CP(AIRH2O, T=Tai, P=P_atm, w=w_aci) "Specific heat of the air" 
cp_ref=CP(ref$, T=Tri, P=Pri)   "Specific heat of the refrigerant" 
C_ref=m_dot_r*cp_ref    "Specific heat rate of the air" 
C_air=m_dot_a*cp_air    "Specific heat rate of the refrigerant" 
 
R1=1/(eta_surface_c*A_a*h_air)+1/(h_ref*A_r) "Thermal resistance" 
UA=1/R1     "UA value of heat exchanger" 
C_min=MIN(C_ref, C_air)    "Cmin calc" 
C_max=MAX(C_ref, C_air)    "Cmax calc" 
C_ratio=C_min/C_max    "heat capacity rate ratio" 
NTU=UA/(C_min*1000)    "Number of thermal units" 
epsilon=1-exp(C_ratio^(-1)*NTU^(0.22)*(exp(-C_ratio*NTU^(0.78))-1)) "epsilon=q_real/q_max" 
Q=epsilon*C_min*(Tri-Tai)    "Heat capacity of the element" 
 
{run this loop to calculate the exit air and refrigerant temperatures} 
if (C_ref < C_air) then 
 Tro=Tri-epsilon*(Tri-Tai) 
 Tao=Tai+C_ref*((Tri-Tro)/C_air) 
else 
 Tao=Tai-epsilon*(Tai-Tri) 
 Tro=Tri+C_air*((Tai-Tao)/C_ref) 
endif 
 
 
DELTAP=f*L/Dh*G_r^2*v/2000 "Pressure drop for this section" 
Pro=Pri-DELTAP   "Exit pressure of the element" 
hro=hri-Q/m_dot_r  "Exit enthalpy of the element" 
 
end 
 
{---------------------------------------------------------------------------------------------------------------------------------------------------------------------------} 
Procedure h_cond_Dobson(ref$, x,P, D,G:h_r_Dobson) 
$common Relrough_c 
x_original=x      "save the quality value" 
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{set quality value} 
x_sat_sup=0.95   "the highest possible quality, if quality is higher than this number, interpolation is needed" 
x_sat_liq=0.05    "the lowest possible quality, if quality is lower than this number, interpolation is needed" 
 
if (x<x_sat_liq) then 
 x=x_sat_liq    "if the quality is too low, set the quality limit and interpolate later" 
endif 
 
if (x>x_sat_sup) then 
 x=x_sat_sup    "if the quality is too high, set the quality limit and interpolate later" 
endif 
 
{obtain saturdated liquid and vapor properties} 
call SATPROP_P(ref$, P:T_sat, v_l, v_v, rho_l, rho_v, h_l, h_v, mu_l, mu_v, cp_l, cp_v, k_l, k_v) 
 
Re_l=(G*D)/mu_l*(1-x)         "superficial liquid Reynolds number" 
Xtt=((1-x)/x)^0.875*(rho_v/rho_l)^0.5*(mu_l/mu_v)^0.125  "Lockhart-Martinelli turbulent parameter" 
Ga=(rho_l*(rho_l-rho_v)*g#*D^3)/mu_l^2      "galileo number" 
Pr_l=PRANDTL(ref$,P=P,x=0)       "liquid Prandtl number" 
 
if (Re_l>1250) Then  "if not laminar" 
 Fr_so=1.26*Re_l^1.04*((1+1.09*Xtt^0.039)/Xtt)^1.5/Ga^0.5 "Froude number" 
else  "if laminar" 
 A=(1+1.09*Xtt^0.039)/Xtt 
 Fr_so=0.025*Re_l^1.59*(A)^1.5/Ga^0.5     "Soliman's modified Froude number" 
endif 
 
if (G>500) Then 
 Nu=0.023*Re_l^0.8*Pr_l^0.4*(1+2.22/Xtt^0.89) 
endif 
 
if ((G<500) AND (Fr_so>20)) Then 
 Nu=0.023*Re_l^0.8*Pr_l^0.4*(1+2.22/Xtt^0.89) 
endif 
 
if ((G<500) AND (Fr_so<20)) Then 
 
 Ja_l=0.035       "liquid Jakob number" 
 Fr_l=G^2/(rho_l^2*g#*D)    "Froude number" 
 
 IF (Fr_l<0.7) THEN 
  c1=4.172+5.48*Fr_l-1.564*Fr_l^2 
  c2=1.773-0.169*Fr_l 
 ELSE 
  c1=7.242 
  c2=1.655 
 ENDIF 
 
 phi_l=SQRT(1.376+c1/Xtt^c2) 
 
 call VOIDFRACTION(ref$,x, T_sat, G, d : alpha) 
 
 Re_vo=(G*D)/mu_v             "Vapor only Reynolds number"  
 theta_l=PI-ARCCOS(2*alpha-1)*CONVERT(deg,rad) 
 Nus_forced=0.0195*Re_l^0.8*Pr_l^0.4*phi_l 
 Nu=(0.23*Re_vo^0.12)/(1+1.11*Xtt^0.58)*((Ga*Pr_l)/Ja_l)^0.25+(1-theta_l/PI)*Nus_forced 
 
Endif 
 
h_Dobson=Nu*k_l/D 
 
IF (x_original <= x_sat_sup) AND (x_original >= x_sat_liq) THEN  
 h_r_Dobson= h_Dobson 
ENDIF 
 
{calculations for interpolating} 
 
{vapor calculations} 
Pr_v=Cp_v*mu_v/k_v    
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Re_v=G*D/mu_v  
 
call FF_CHURCHILL(Re_v, relrough_c : f_v)  "Find the vapor only friction factor" 
call NU_GNIELINSKI(Re_v, Pr_v, f_v : Nusselt_v) "The saturated vapor heat transfer coefficient" 
 
h_r_sup=Nusselt_v*k_v/D 
 
{liquid calculations} 
Pr_l=Cp_l*mu_l/k_l 
Re_l=G*D/mu_l 
 
call FF_CHURCHILL(Re_l, relrough_c : f_l)  "Find the liquid only friction factor" 
call NU_GNIELINSKI(Re_l, Pr_l, f_l : Nusselt_l) "The saturated liquid heat transfer coefficient" 
 
h_r_liq=Nusselt_l*k_l/D 
 
" Interpolating linearly between the Dobson and Chato and Gnielinsky correlations" 
IF (x_original>x_sat_sup) THEN 
 h_r_Dobson =  -((h_r_sup - h_Dobson)/(1 - x_sat_sup)*(1 - x_original)) + h_r_sup 
ENDIF 
 
IF (x_original<x_sat_liq) THEN 
 h_r_Dobson = (h_Dobson- h_r_liq) / x_sat_liq * x_original + h_r_liq 
ENDIF 
 
END 
 
{---------------------------------------------------------------------------------------------------------------------------------------------------------------------------} 
{ pressure drop calculation  
From  Souza, A. L., and Pimenta, M.M., Prediction of pressure drop during horizontal two-phase flow  
of pure and mixed refrigerants, ASME Conf. Cavitation and multiphase flow, HTD-vol. 210, pp.161-171, 1995} 
procedure PRESS_D(ref$,Tr,x_i,x_o,f,L,D,G,vl,v1,mr,A:DP) 
 call  SatProp_T(ref$,Tr:Pv,vv,vl,hv,hl,muv,mul,kv,kl,cpl) 
 Xtt=(mul/muv)^0.1*(vl/vv)^0.5*((1-x_i)/x_i)^0.9            " Lockhart-Martinelli turbulent parameter " 
 gamma=(vv/vl)^0.5*(muv/mul)^0.125 
 fai=1+(gamma^2-1)*x_i^1.75*(1+0.952*gamma*Xtt^0.4126) 
 dP_f = f*G^2*L/D*vl*fai/2000     "friction part " 
 
{ Acceleration part} 
 CALL VOIDFRACTION(ref$,x_i, Tr, g, D: alpha_i) 
 CALL VOIDFRACTION(ref$,x_o, Tr, g, D: alpha_o) 
 
 A12=x_o^2*vv/alpha_o+(1-x_o)^2*vl/(1-alpha_o) 
 A11=x_i^2*vv/alpha_i+(1-x_i)^2*vl/(1-alpha_i) 
 DP_acc=G^2*(A12-A11)/1000 
 
 DP=(dP_f+DP_acc) 
end 
{---------------------------------------------------------------------------------------------------------------------------------------------------------------------------} 
Procedure FF_CHURCHILL(Re, Relrough: f) 
 Term1=8/Re 
 Term=2.457*LN(1/((7/Re)^0.9+0.27*relrough)) 
 A=Term^16 
 B=(37530/Re)^16 
 term2=1/(A+B)^(3/2) 
 f=8*(Term1^12+term2)^(1/12) 
  
 f1=1/(1.82*log10(Re)-1.64)^2 
end 
{---------------------------------------------------------------------------------------------------------------------------------------------------------------------------} 
Procedure NU_GNIELINSKI(Re, Pr, f : Nusselt) 
  Nusselt =(f/8)*(Re-1000)*Pr/(1+12.7*(f/8)^0.5*(Pr^(2/3)-1)) 
 if Nusselt<=3.66 then Nusselt=3.66 
end 
{---------------------------------------------------------------------------------------------------------------------------------------------------------------------------} 
Procedure VOIDFRACTION(ref$, x, T_in, g, dh : alpha) 
 
 sigma=SURFACETENSION(ref$,T=T_in)   "Surface tension" 
 mul=VISCOSITY(ref$, t=T_in, x=0)    "Liquid viscosity" 
 muv=VISCOSITY(ref$, t=T_in, x=1)    "Vapor viscosity" 
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 rho_liq=DENSITY(ref$, T=T_in, x=0)   "Liquid density" 
 rho_vap=DENSITY(ref$, T=T_in, x=1)   "Vapor density" 
 We=x^2*g^2*dh/(rho_vap*sigma)    "Vapor Weber number" 
 Xtt=((1-x)/x)^(.875)*(rho_vap/rho_liq)^(.5)*(mul/muv)^(.125) "Lockhart Martinelli turbulent parameter" 
 alpha_nino=(1+(Xtt+(1/We^1.3))*(rho_liq/rho_vap)^0.9)^(-.06) "Annular flow void fraction" 
 alpha_homog=1/(1+(1-x)/x*(rho_vap/rho_liq))   "Intermittent flow void fraction" 
  
 alpha=alpha_homog 
end 
{---------------------------------------------------------------------------------------------------------------------------------------------------------------------------} 
procedure KNOWTP(ref$,T, P :v,h,mu,k,cp) 
{Thermodynamic properties with a know temperature and pressure.  Only works for subcooled or superheated conditions} 
 
h=ENTHALPY(ref$,T=T,P=P) 
v=VOLUME(ref$,T=T,P=P) 
cp=SPECHEAT(ref$,T=T,P=P) 
mu=VISCOSITY(ref$,T=T,P=P) 
k=CONDUCTIVITY(ref$,T=T,P=P) 
 
end 
 
{---------------------------------------------------------------------------------------------------------------------------------------------------------------------------} 
{Saturated property values given a pressure} 
 
Procedure SATPROP_P(ref$, P : T_sat, v_l, v_v, rho_l, rho_v, h_l, h_v, mu_l, mu_v, cp_l, cp_v, k_l, k_v) 
 
T_sat=TEMPERATURE(ref$, P=P, x=.5) 
v_l=VOLUME(ref$, P=P, x=0) 
v_v=VOLUME(ref$, P=P, x=1) 
rho_l=DENSITY(ref$, P=P, x=0) 
rho_v=DENSITY(ref$, P=P, x=1) 
h_l=ENTHALPY(ref$, P=P, x=0) 
h_v=ENTHALPY(ref$, P=P, x=1) 
mu_l=VISCOSITY(ref$, P=P, x=0) 
mu_v=VISCOSITY(ref$, P=P, x=1) 
cp_l=CP(ref$, P=P, x=0) 
cp_v=CP(ref$, P=P, x=1) 
k_l=CONDUCTIVITY(ref$, P=P, x=0) 
k_v=CONDUCTIVITY(ref$, P=P, x=1) 
 
end 
 
{---------------------------------------------------------------------------------------------------------------------------------------------------------------------------} 
{Saturated property values given a temperature} 
 
procedure SATPROP_T(ref$,Tr:Pv,vv,vl,hv,hl,muv,mul,kv,kl,cpl) 
 
vv=VOLUME(ref$,T=Tr,x=1) 
vl=VOLUME(ref$,T=Tr,x=0) 
hv=ENTHALPY(ref$,T=Tr,x=1) 
hl=ENTHALPY(ref$,T=Tr,x=0) 
Pv=PRESSURE(ref$,T=Tr,x=1) 
Pl=PRESSURE(ref$,T=Tr,x=0) 
muv=VISCOSITY(ref$,T=Tr,P=Pv-2) 
mul=VISCOSITY(ref$,T=Tr,P=Pl+2) 
kv=CONDUCTIVITY(ref$,T=Tr,P=Pv-2) 
kl=CONDUCTIVITY(ref$,T=Tr,P=Pv+2) 
cpl=SPECHEAT(ref$,T=Tr,P=Pl+2) 
 
end 
{---------------------------------------------------------------------------------------------------------------------------------------------------------------------------} 
procedure SLABAREA(w_hx, N_MCT, N_pass, t_MCT, d_tube, d_fin, t_fin, N_fpm, h_hx, Dh, N_ports, m_dot_a, l_fin, P_port, 
A_port: A_r_cs, A_r_total, A_face, A_air_total, A_ratio) 
 
{Heat exchanger calculations} 
A_fin_cs=l_fin*t_fin*N_fpm*w_hx*(N_MCT*N_pass)  "Cross sectional area of the fins" 
A_MCT_cs=w_hx*t_MCT*(N_MCT*N_pass+2)  "Cross sectional area of the microchannel tube" 
A_hx=w_hx*h_hx      "Front area of the heat exchanger" 
 
{Air side calculations} 
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A_face=A_hx-A_MCT_cs-A_fin_cs    "Air side face area" 
A_air_MCT=2*w_hx*d_tube*(N_MCT*N_pass-1)  "Air side heat transfer area with microchannel tubes" 
A_air_fin=2*d_fin*l_fin*N_fpm*w_hx*(N_MCT*N_pass) "Air side heat transfer area with fins" 
A_air_total=A_air_MCT+A_air_fin    "Total air side heat transfer area" 
A_ratio=A_air_fin/A_air_total    "Area ratio of fin area to total area" 
 
{Refrigerant side cacluations} 
P_hx=P_port*N_ports*N_MCT    "Total perimeter all microchannel tubes" 
A_r_total=P_hx*w_hx*N_pass    "Total refrigerant side heat transfer area" 
A_r_cs=A_port*N_ports*N_MCT    "Refrigerant side cross sectional area" 
 
 
end 
 
 
{---------------------------------------------------------------------------------------------------------------------------------------------------------------------------} 
procedure RAIRMCHX(T_a,G_air,A_ratio,ThetaLo,Pitch_louver,Pitch_fin,L_fin,d_tube,L_louver,Pitch_tube,t_fin, d_fin: 
h_air,eta_f,eta_surface,Re_air) 
{Air side heat transfer calculation procedure: using Chang & Wang correlation  
input:  Ta                      air temperature 
           Gair               mass flux of air 
           SfinoverSair     Air side fin area devided by total air side area 
           output:hairMC          heat transfer coefficient 
            eta_f                    fin efficiency 
            epsilon_surface surface effectiveness 
            Re_air              Reynolds number} 
 
mu_air=VISCOSITY(AIR,T=T_a) "Air viscosity  " 
Re_air=G_air*Pitch_louver/mu_air "Reynolds number" 
"original Chang&Wang correlation" 
j=Re_air^(-0.49)*(ThetaLo/90)^0.27*(Pitch_fin/Pitch_louver)^(-0.14)*(L_fin/Pitch_louver)^(-0.29)*(d_tube/Pitch_louver)^(-
0.23)*(L_louver/Pitch_louver)^0.68*(Pitch_tube/Pitch_louver)^(-0.28)*(t_fin/Pitch_louver)^(-0.05) 
"Sunden and Svantesson, 1992" 
j_ss=3.67*Re_air^(-0.591)*(ThetaLo/90)^0.239*(Pitch_fin/Pitch_louver)^(0.0206)*(L_fin/L_louver)^(-
0.285)*(L_louver/Pitch_louver)^(0.0671)*(Pitch_tube/Pitch_louver)^(-0.243) 
"Kim correlation" 
j_km=Re_air^(-0.512)*(ThetaLo/90)^0.243*(Pitch_fin/Pitch_louver)^(-0.171)*(L_fin/L_louver)^(-0.29)*(d_tube/Pitch_louver)^(-
0.248)*(L_louver/Pitch_louver)^0.68*(Pitch_tube/Pitch_louver)^(-0.275)*(t_fin/Pitch_louver)^(-0.05) 
"Kim Bullard correlation" 
j_kb=Re_air^(-.487)*(ThetaLo/90)^(.257)*(Pitch_fin/Pitch_louver)^(-0.13)*(L_fin/Pitch_louver)^(-0.29)*(d_fin/Pitch_louver)^(-
0.235)*(L_louver/Pitch_louver)^0.68*(Pitch_tube/Pitch_louver)^(-0.279)*(t_fin/Pitch_louver)^(-0.05) 
 
k_air=CONDUCTIVITY(AIR,T=T_a)  "air thermal conductivity" 
cp_air=SPECHEAT(AIR,T=T_a)  "air specific heat" 
Pr_air=mu_air*cp_air/(k_air)*1000  "Prandtl number" 
St=j*Pr_air^(-2/3)    "Stanton number" 
h_air=G_air*cp_air*St*1000  "heat transfer coefficient" 
k_fin=164    "fin material thermal conductivity" 
ML=(2*h_air/(k_fin*t_fin))^0.5*(0.5*L_fin) "M=(h*P)/(k*A)"  {See Incropera and DeWitt page 118 and 122} 
eta_f=TANH(ML)/ML   "fin efficiency" 
eta_surface=1-A_ratio*(1-eta_f)  "overall surface efficiency" {see Incropera and DeWitt section 3.6.5} 
 
end 
{---------------------------------------------------------------------------------------------------------------------------------------------------------------------------} 
procedure BEND(ref$, Dh, A_r, G_r, Pri, Tri, hri, x, alpha : Pro, Tro, M, DELTAP) 
$common Relrough_c 
{Calculate stuff for the bends of the serpentine design} 
 
L=0.019 
 
if (x>1) OR (x<0) then {superheated} 
 call KNOWTP(ref$, Tri, Pri : v, h, mu, k, cp) 
 rho=1/v     "Density is inverse of specific volume" 
 Vel_r=G_r/rho    "Velocity of the refrigerant" 
 Re=rho*Vel_r*Dh/mu   "Reynold's number" 
 call FF_CHURCHILL(Re, Relrough_c : f) "Find the friction factor" 
 DELTAP=f*L/Dh*G_r^2*v/2000  "Pressure drop for this section" 
 Pro=Pri-DELTAP 
 Tro=TEMPERATURE(ref$, P=Pro, h=hri) 
 M=A_r*L*rho 
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else 
 DELTAP=0 
 Pro=Pri 
 Tro=Tri 
 v_l=volume(ref$, T=Tri, x=0) "Liquid specific volume at average temperature" 
 v_v=volume(ref$, T=Tri, x=1) "Vapor specific volume at average temperature" 
 M=A_r*L*(alpha/v_v+(1-alpha)/v_l)"Mass of tubes" 
endif 
 
end 
 
 
 
{----------------------MAIN PROGRAM------------------------} 
 
 
 
 
{Condenser model} 
ref$='propane' 
 
{Input all know refrigerant and air information}  {set in parametric table} 
P_atm=100   "atmospheric pressure [kPa]" 
{m_dot_r=0.004067  "refrigerant mass flow rate [kg/s]" 
V_dot_cond_air=0.1242  "air volumetric flow rate [m^3/s]" 
Tcai=35.6   "Air temp into condenser [C]" 
RH_ci=0.2303   "Relative humidity of air into condenser [%]" 
Tcri=90.62   "Temperature exiting the compressor" 
Pcri=1774   "Pressure exiting the compressor"} 
 
 
{Input inlet and outlet pipe dimensions and lengths} 
 
L_cond_inlettube=.2362  "Length of pipe from valve to condenser inlet fitting [m]" 
L_cond_inlet=.049  "Length of copper inlet pipe leading into headers[m]" 
L_cond_in_p=.0965  "Length of pipe from condenser inlet to pressure measurement 'T' [m]" 
D_cond_inlettube=.00502  "Diameter of copper pipe [m]"  
 
 
L_cond_outlettube=.2108  "Length of copper pipe from condenser outlet to valve [m]" 
L_cond_outlet_discharge=.046 "Length of aluminum outlet pipe [m]" 
L_cond_out_p=.0965  "Length of pipe from condenser outlet to pressure measurement 'T' [m]" 
D_cond_outlettube=.00502 "Diameter of copper pipe [m]"  
 
 
{Input condenser dimensions} 
 
{fins} 
t_fin_c=0.1143e-3  "Fin thickness" 
d_fin_c=.0211   "fin depth"  {same as condenser depth (about one inch)} 
L_fin_c1=8.38e-3   "Fin length" {actual fin length-used in area calculation} 
L_fin_c2=7.92e-3/2  "Fin length2"  {width of fin between tubes-used in heat transfer coeff calculation} 
N_fpi_c=16   "Number of fins per inch" 
Pitch_louver_c=1.4e-3  "Louver pitch" 
L_louver_c=7.36e-3  "Louver length" 
ThetaLo=27   "Louver angle" 
 
{tubes} 
N_MCT_c=2   "Number of microchannel tubes" 
N_pass_c=12   "Number of passes each tube makes in the serpentine design" 
t_MCT_c=1.9e-3   "Microchannel thickness" 
d_tube_c=.01877   "Tube depth" 
N_ports_c=19   "Number of ports per microchannel tube" 
w_cond=.257   "Width of condenser - Only heat transfer width, not entire width" 
h_cond=.238   "Height of condenser" 
d_cond=.0211   "Depth of condenser" 
 
{calculated geometries} 
A_cond_inlettube=PI*(D_cond_inlettube/2)^2  "Area of copper pipe inlet tube" 
G_cond_inlettube=m_dot_r/A_cond_inlettube  "Mass flux in the copper inlet tube" 
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A_port_c=11.96/1e6/19  "Cross sectional area of ports" 
P_port_c=3.25/1000  "Perimeter of ports" 
Dh_c=4*A_port_c/P_port_c "Hydraulic diameter" 
N_fpm_c=N_fpi_c/0.0254  "Number of fins per meter" 
Relrough_c=0.000010/Dh_c  "Relative roughness of condenser material" 
Pitch_fin_c=1/N_fpm_c  "Fin pitch" 
Pitch_tube_c=L_fin_c2*2+t_MCT_c "Tube pitch" 
 
 
Vol_header_inlet_c=0.0000056  "Volume of the inlet header" 
Vol_header_outlet_c=Vol_header_inlet_c "Header volumes are equal" 
 
{Air inlet properties} 
rho_aci=density(airH2O, T=Tcai, P=P_atm, r=RH_ci) "density of air at the condenser air inlet" 
w_aci=humrat(airH2O, T=Tcai, P=P_atm, r=RH_ci) "humidity ratio of condenser air" 
m_dot_a_c=V_dot_cond_air*rho_aci  "mass flow rate of air at the condenser air inlet" 
 
 
{Calculate various air side and refrigerant side areas with the following procedure 
A_r_cs_c - Complete refrigerant cross sectional area of all ports and all tubes. 
A_r_total_c - Total refrigerant side heat transfer area. 
A_a_cs_c - Complete air side cross sectional area (face area-tube and fin area). 
A_a_total_c - Total air side heat transfer area 
A_ratio_c - Ratio of air side fin area over total air area 
Vol_tubes_c - Calculated internal volume of tubes of microchannels.} 
CALL SLABAREA(w_cond, N_MCT_c, N_pass_c, t_MCT_c, d_tube_c, d_fin_c, t_fin_c, N_fpm_c, h_cond, Dh_c, N_ports_c, 
m_dot_a_c, L_fin_c1, P_port_c, A_port_c: A_r_cs_c, A_r_total_c, A_a_cs_c, A_a_total_c, A_ratio_c) 
 
G_ref_c=m_dot_r/A_r_cs_c   "Mass flux of refrigerant" 
rho_cri=density(ref$, T=Tcri, P=Pcri) 
V_ref_c=G_ref_c/rho_cri    "Velocity of refrigerant" 
G_air_c=m_dot_a_c/A_a_cs_c   "Mass flux of air" 
V_air_c=G_air_c*VOLUME(Air, T=Tcai, P=P_atm) "Velocity of air" 
CALL RAIRMCHX(Tcai, G_air_c, A_ratio_c, ThetaLo, Pitch_louver_c, Pitch_fin_c, L_fin_c2, d_tube_c, L_louver_c, Pitch_tube_c, 
t_fin_c, d_fin_c: h_air, eta_fin_c, eta_surface_c, Re_air_c) 
h_air_c=h_air 
L_cond_tube_after_header=.124   "Lenght of the tubing from the header to where heat transfer begins" 
mu_c=viscosity(ref$, T=Tcri, P=Pcri)  "Viscosity at condenser inlet" 
Re_cri=G_ref_c*Dh_c/mu_c   "Reynold's number" 
call FF_CHURCHILL(Re_cri, Relrough_c: f_cri) "Find the friction factor with Churchill correlation" 
DELTAP_cond_tube_after_header=f_cri*L_cond_tube_after_header/Dh_c*G_ref_c*V_ref_c/2000  "DP of tube" 
V_tube_after_header=A_r_cs_c*L_cond_tube_after_header  "Volume of tube" 
 
 
Pcri_start=Pcri-DELTAP_cond_tube_after_header  "Set inlet pressure as pressure after tube" 
 
{Starting properties} 
hcri[1,0]=ENTHALPY(ref$, T=Tcri, P=Pcri)   "Calculate the inlet enthalpy" 
Pcri[1,0]=Pcri_start     "Set inlet pressure to compressor outlet pressure" 
Tcri[1,0]=TEMPERATURE(ref$, h=hcri[1,0], P=Pcri_start) "Set inlet temperature to compressor outlet temp" 
 
 
elements_c=9 
duplicate i=1, N_pass_c 
  
 duplicate j=0,elements_c 
  
  call CONDENSER(ref$, Dh_c, w_cond/elements_c, A_a_total_c/N_pass_c/elements_c, A_r_cs_c, 
A_r_total_c/N_pass_c/elements_c, Tcri[i,j], Pcri[i,j], hcri[i,j], Tcai, m_dot_r, G_ref_c, m_dot_a_c/((elements_c+1)*N_pass_c), 
h_air_c :Tcri[i,j+1], Pcri[i,j+1], hcri[i,j+1], Tcao[i,j+1], Q[i,j+1], x[i,j+1], M_tubes_c[i,j+1], alpha_c[i,j+1], h_ref[i,j+1], DELTAP[i,j+1], 
Vel_r_c[i, j+1]) 
 
 end 
 
 Tcao_pass[i]=SUM(Tcao[i, k], k=1, elements_c+1) "sum to later use in average value" 
 Q_cond_pass[i]=SUM(Q[i, k], k=1, elements_c+1) "sum for capacity of pass" 
  
 {find the pressure drop of bend and corresponding temp and mass} 
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 call BEND(ref$, Dh_c, A_r_cs_c, G_ref_c, Pcri[i, elements_c+1], Tcri[i, elements_c+1], hcri[i, elements_c+1], x[i, 
elements_c+1], alpha_c[i, elements_c+1] : Pcro_bend[i], Tcro_bend[i], M_bend[i], DELTAP[i]) 
 
 M_cond_tubes_pass[i]=SUM(M_tubes_c[i, k], k=1, elements_c+1)+M_bend[i] "mass of pass" 
 Tcro_bend[i]=Tcri[i+1, 0]  "inlet temp of next pass" 
 Pcro_bend[i]=Pcri[i+1, 0]  "inlet pressure of next pass" 
 hcri[i, elements_c+1]=hcri[i+1, 0] "inlet enthalpy of next pass" 
 DELTAP_pass[i]=SUM(DELTAP[i,k], k=1,elements_c+1)+DELTAP[i] "DP of pass" 
end 
 
Vel_c_r_o=Vel_r_c[N_pass_c, elements_c+1]  "outlet velocity of refrigerant" 
DELTAP_c=SUM(DELTAP_pass[i], i=1, N_pass_c)  "total pressure drop" 
Tcao_sum=SUM(Tcao_pass[i], i=1, N_pass_c)  "sum of outlet temp of elements for use in average" 
Tcao_avg=Tcao_sum/((elements_c+1)*N_pass_c)  "outlet air temperature" 
Q_cond=SUM(Q_cond_pass[i], i=1, N_pass_c)  "total capacity" 
M_cond_tubes=SUM(M_cond_tubes_pass[i], i=1, N_pass_c) "total mass in tubes" 
Tcro=Tcri[N_pass_c+1,0]     "outlet refrigerant temperture" 
Pcro=Pcri[N_pass_c+1,0]     "outlet refrigerant pressure" 
T_subcool=TEMPERATURE(ref$, P=Pcro, x=0)-Tcro  "subcooing" 
 
 
rho_r_i_c=density(ref$, T=Tcri, P=Pcri)   "Inlet density to use in mass calcualation for inlet header" 
rho_r_o_c=density(ref$, T=Tcro, P=Pcro)   "Outlet density for use in mass calcualtion of outlet header" 
M_tube_after_header=V_tube_after_header*rho_r_i_c  "Mass in tube between inlet header and heat transfer area" 
M_header_inlet=Vol_header_inlet_c*rho_r_i_c+M_tube_after_header "Mass of the inlet header" 
M_header_outlet=Vol_header_outlet_c*rho_r_o_c   "Mass of the outlet header" 
M_condenser=M_header_inlet+M_cond_tubes+M_header_outlet "Total mass of the condenser" 
